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Pyrolysis at 800 
o
C under argon has shown that polyimide (PI), polyacrylonitrile 
(PAN), polydicyclopentadiene (DCPD) and polybenzoxazine (PBO) aerogels are all 
viable alternatives to traditional resorcinol-formaldehyde (RF) aerogels as precursors to 
amorphous carbon aerogels.  Subsequent high temperature pyrolysis at 2300 
o
C of such 
carbon aerogels under helium has shown that amorphous carbon from PI and PBO yields 
the highest degree of graphitization, whereas from RF aerogels yields the lowest.  
Those two types of graphite aerogels include also a high concentration of micron-
size columnar and helical (screw-like) structures, whose formation is favored by 
macroporosity and high nitrogen retention in the 800 
o
C carbonized samples. Control 
experiments were conducted with corannulene and bromo-corannulene in order to 
integrate cyclopentyl rings on surfaces of activated carbon, PBO-derived carbon aerogels, 
and carbon black. In most cases the concentration of rod and helical structures increased 
dramatically (over 50%). 
An idealized growth model was formulated for the formation of the rods and 
screw-like structures, whereas rapid grain growth leads to the formation of cyclopentyl 
rings and disclinations in the graphitic network. Trivalent nitrogen, when present, assists 
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The growing requirements on material properties for advanced applications have 
resulted in the pursuit of not only acquiring new materials but also improving existing 
materials. These new materials and/or improvements will be on the nano-scale level 
(between 1 and 100 nanometers).  Manipulation of materials within this range is 
considered “nanotechnology”.  Development of nano-materials offers numerous avenues 
to new and improved, sometimes smaller, novel, and more beneficial, materials for use in 
today’s society. Due to both the synergistic and hybrid properties derived from several 









Such enhancements are induced by the Physical presence of the 
nanoparticle, both the intra- and interaction of the particles with themselves, and, where 
applicable, a guest matrix material.
1,5,6
  
Nanoparticles, defined by the National Nanotechnology Initiative
7
, are, 
essentially, a bridge between bulk materials and either or both atomic or molecular 
structures. Bulk materials have constant physical properties that are irrespective of size. 
Size-dependent properties, however, are, observed at the nano-scale level as their 
properties change within the nano-scale range. These property changes can be attributed 
to both the increased surface area and the percentage of atoms at the surface. In bulk 
materials, > 1 µ, the percentage of atoms at the surface is immaterial in relation to the 
number of atoms in the bulk. A thorough characterization of the nanoparticles, size, 
connectivity, microstructure, and growth processes are especially valuable to researchers 
looking to effectively manipulate nano-materials for new and existing applications.   
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Pyrolytic polymeric carbon aerogels are high interest materials with nano-scale 
structure.  Although significant research has been done on this material, crucial 
information on the formation, processing, and constituents is lacking.  Characterizations 
of pyrolytic polymeric carbon aerogels have been conducted, producing relevant insights, 
primarily on resorcinol formaldehyde aerogels. A complete picture, including other 
possible organic aerogel precursors, is essential for material scientists to effectively use 
these materials in future applications. Thus, a thorough characterization of the 
morphology, particle size, spatial arrangement, and, where applicable, nucleation sites 
must be provided to these scientists so that suitable information for materials 
development and applications may be obtained.  Such information can be used to 
determine new techniques for fine-tuning the properties of nanoparticle materials. 
Carbon is known to reorganize, at the nano-scale, to graphitic structures at 
elevated temperatures.
8
  Some carbon aerogels only partially graphitize, yet produce 
graphitic protrusions or columnar carbon structures, which are the result of “Pentagon 
Disclination Inclusion” mechanism.  This work sought to first identify nano-
characteristics of pyrolytic polymeric carbon aerogels to graphite aerogels, secondly to 
determine the nucleation and growth mechanism of the observed columnar carbon 
structures and lastly to control the population and quality of columnar carbon structure. 
Section 1 offers an historical background on aerogels to provide a frame work for 
this research. Section 2 introduces both organic and carbon/graphite aerogels, 
summarizing the characteristics of carbon aerogels within the context of current and 
future applications.  Section 3 is a summary of analytical characterization techniques 
typically used with nanoparticle characterization. Specific applications are included in 
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this section with respect to pyrolytic carbon aerogels. Section 4 reviews the accepted 
theories of the carbonization and graphitization of carbonaceous precursor materials. A 
literature review on the nucleation and growth models for non-typical carbon structures is 
also included in this section. 
Section 5 is the examination of other organic aerogels as precursors to 
carbon/graphite aerogels. Within this section is a comparison of these other organic 
aerogels to the industry standard, RF precursor carbon/graphite aerogels. Carbon 
microrods are presented as carbon structures formed during the high temperature 
treatment, 2300 ⁰C of carbon aerogels.  Section 5 also addresses the characterization of 
these columnar carbon structures (CCS), similar structures grown from activated carbon, 
and an industrially produced graphite foil.  Results from transmission electron 
microscopy, TEM, and scanning electron microscopy, SEM, are used in conjunction with 
small angle X-ray spectroscopy, SAXS, BET, and Raman are used to determine the 
nucleation and growth of the CCS.  These structures are designated as columnar carbon 
structures (CCS) because they are relatively large, 2-50 μ in length and 0.5 to 7 μ in 
diameter.  Differentiating between these CCS and whiskers are that whiskers are defined 
as single crystals of a material whereas these are not.
7
 The content of Section 6 is an 
application note on a modified focused ion beam procedure to make a TEM sample of a 
CCS and the underlying substrate.  In Section 7 a comparison is done between two 
graphite aerogels, polybenzoxiane precursors, produce by two different schemes.  Finally, 
Section 8 describes corannulene grafting onto a carbon substrate to provide “seeds” for 
the nucleation and growth of additional CCSs on carbon aerogels, activated carbon, and 
carbon black.  
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2. HISTORICAL BACKGROUND 
Aerogels are open-celled mesoporous solids with low densities formed from a gel 
in which the liquid has been replaced with a gas with the original gel structure 
maintained.  Samuel Kistler pioneered this class of materials in 1931 when, on a bet 
stated, he could remove the liquid fraction from a jelly without major shrinkage to the 
structure.
9
  His main objective was to remove the liquid from a gel without collapsing the 
original gel structure.
10
 Removal of the liquid was accomplished, by the now standard 
method, with supercritical fluid drying, currently a relatively uncomplicated 
accomplishment, but a formidable task in the 1930’s when laboratory pressure vessels 
were not ordinary laboratory items.  Kistler
9,10
 produced silica aerogels from sodium 
silicate (water glass, Na2SiO3) in water then exchanging the water for alcohol and 
removing the alcohol by converting it to a supercritical fluid. The first commercialization 
of aerogels was early in the 1940’s when Kistler licensed his silica aerogel method to the 
Monsanto Corp. and they began producing silica aerogel products used mainly as a 
flatting agent, reduces glare and reflection, in paints and varnishes.
11
 Although as 
impressive as Kistler’s work and Monsanto’s commercialization, it was more than half a 
century before aerogels become materials of great scientific interest.  Initially it took 
more than a week to prepare the original silica gels in the laboratory as well as the 
supercritical drying of a flammable solvent having inherent safety issues, thus limiting 
their uses. Peri, 1966, introduced the use of alcoxides with tetraethyl orthosilicate (TEOS, 
Si(OEt)4) as a precursor for silica aerogels.
12
  Nicolaon and Teichner, generally credited 
with the current interest in aerogels, in the 1970’s13, greatly improved the process for 
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making silica aerogels by replacing the sodium silicate with tetramethyl orthosilicate 
(TMOS, Si(OMe)4), another alkoxysilane.  The key to this improvement was the use of 
methanol as the solvent, which was then removed under supercritical conditions.
13
 
By removing the liquid from the gel, aerogels can comprise more than 98% air by 
volume with the remaining solid being a translucent matrix of organic or 
organic/inorganic polymer.
14,15,16
 Nicknames of “frozen smoke", "solid smoke", "solid 
air" or "blue smoke"
17 
refer to its translucent character due to Rayleigh light scattering 
through the material (see Figure 2.1).
18
  Until 2012, when researchers at the Technical 
University of Hamburg and Germany’s University of Kiel, developed “aerographite,” 19 
aerogels were considered by most as the lightest material in the world. Unique properties 
of aerogels include high visible–light transparency, low density, low refractive index, low 
dielectric constant and low thermal conductivity.  Aerogels negate the three methods of 
heat transfer, convection, conduction and radiation, making them good thermal insulators.  
They are convective inhibitors because “air” cannot circulate through the intricate nano-
pore microstructure (2-50 nm).
20,21
  Heat transfer by the solid Phase is restricted because 
aerogels have a small solid fraction and gasses are very poor heat conductors. Excellent 
thermal insulative properties, corresponding to R-values 14-105,
22,23
  offer more efficient 
energy fuel usage, not only saving natural resources,  but also lowering the overall carbon 
footprint. 
Other application for aerogels include, catalyst, dielectrics, optical coatings, laser 
targets, waste remediation materials, sensors, pesticides, energetic materials, drug release 
media, and as collectors for high energy particles.
24
  Internal pore structures can be 




Figure 2.1. Representative Si-aerogel, 99.8% air, 1,000  times less dense than glass.
18
  
random pore structure.  These are produced by cross-linking polymers, aggregation or 
agglomeration of small particles, or the selective removal of material.  Pore size, shape 
and connectivity can directly affect the Physical properties of a solid.
25
 As can be seen 
from SEM image, Figure 2.2, of a representative silica aerogel, aerogels possess small 
particle solid networks with random irregularly shaped mesopores which give rise to their 
previously mentioned properties. Typical aerogel structures are characterized by well 
accessible cylindrical, branched mesopores (20-50 nm).
20
 Aerogel pore structures are 
shaped by the controlled condensation of small polymeric or colloidal particles.  
Chemical processes are used to control the generation and aggregation of these primary 
particles, mainly in the sol-gel process.
26
 
Aerogels are formulated via a sol-gel process.  Sol-gel refers to the chemical 
synthesis method, which generally uses a metal alkoxide, as the monomer, that undergoes 
hydrolysis and condensation  polymerization  to give  a  gel
27




Figure 2.2. Representative Si-aerogel with mesopores and interconnected network. 
material consists of nanoparticles dispersed in a liquid, the sol, to from a nanostructure 
throughout the liquid medium, the gel.   Certain properties of a gel are similar to a liquid, 
density, while other properties are similar to solids; the particles are not free to move 
about, i.e. fixed shape. Microscopically a gel resembles a sponge or foam (Figure 2.2) 
with nano-sized pores that have capillary forces exerted on them by the internal liquid so 
strong that the liquid cannot escape.
28
  Many different materials, organic and inorganic, 
can be made into gels by sol-gel chemistry. 
After the gel is produced unreacted monomer needs to be removed.  This is 
accomplished by soaking (washing) the gel in the initial monomer solvent for a period of 
time.  This allows the unreacted monomer to diffuse out of the nano-pores and to be 
replaced with clean solvent.  Depending on the volume of the gel, this exchange process 






Figure 2.3. Basic preparation scheme of a gel using the sol-gel process. 
48 hours.  A ‘wet gel” is not very useful for many material applications, thus the liquid 
portion has to be removed to provide a useful material.  
Drying or evaporating the liquid from a gel presents a series of problems.  If the 
wet-gel is left to air-dry, the strong capillary forces become a huge detriment.  Capillary 
stresses during evaporation of the pore liquid cause the sides of the pores to collapse 
inducing drastic shrinkage of the nanostructure, up to 70%.
29
 In general there are three 
methods to dry wet-gels: 
1. Freeze drying-typically results in cracked or powder materials,
30
  
2. Evaporation-as discussed above results in a ‘denser’ smaller material, 
(xerogel),
29,31 
 3. Supercritical fluid drying (SCF)-eliminates capillary forces, resulting in 
material that can be used for specific purposes.
32,33
 
Based on the need to acquire intact aerogels SCF is the favored method to dry 
wet-gels to aerogels. SCF drying of the wet-gel is done in an autoclave whereas the 
pressure and temperature are set to exceed the critical temperature, Tc, and critical 
pressure, Pc, of the pore-filling liquid.
33
  Initially, supercritical drying was conducted 
with alcohols, but the high temperatures required proved to be a safety issue, liquid CO2 
mix precursors dispersed nano particles gelation 
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is now the preferred method for SCF drying.  Using liquid CO2 has the advantage of low 
Tc, ~31 ⁰C, at a reasonable Pc, ~7.4 MPa.
34
  The pore-filling liquid in the wet-gels is 
exchanged with liquid CO2 in a pressurized vessel, eventually leaving an aerogel.  Other 
factors to consider when using liquid CO2 for SCF drying include, the pore-filling liquid 
has to be miscible with liquid CO2 or a secondary solvent exchange step (i.e. acetone for 
water), is required, and the SFC is very time consuming, 12 h for 1.5 x 3 cm
2
 silica gel 
monolith. 
Aerogels processed by SCF are referred to as native aerogels.  Native aerogels are 
typically fragile (they tend to disintegrate into a powder upon touch) and hard to manage 








 and hosts for chemical 
functionalities, as well as electronic and optical purposes.
41 
Although normal silica 
aerogel can support up to 2000
42
 times its weight in applied force, when the force is 
gently and uniformly applied, but 2000 times the weight of an aerogel is still not much 
mass (0.065 g x 2000 = 130 g). Not only are they extremely brittle and friable, native 
aerogels are also hygroscopic (absorbing moisture from the environment), which 
ultimately leads to swelling and a  breakdown due to forces exerted on the pore walls.
23 
For these reasons structural applications of aerogels were, for a long time, totally 
unfeasible. Mechanically the weakest point in the structure is the neck region where two 
particles inter-relate.  
 In an effort to make the aerogels mechanically stronger Leventis et al.
42
 deposited 
an inter-particle crosslinker, polyhexamethylene di-isocyanate, to the framework of a 





OH strengthening the inter-particle necks (see Figure 2.4) producing a 





 The average density of a crosslinked silica aerogel (silica X-aerogel) is 
~0.3 g cm
-3
, a one third increase over a native Si aerogel.  The trick to making X-aerogels 
is to intensify the strength without incurring any weight penalty and without sacrificing 
flexibility, which has spurred most of the aerogel research for the past 13 years.  Cross 







Figure 2.4. Chemical moieties on the surface of a native Si-aerogel.  
2.1 AEROGELS 
2.1.1 Organic Aerogels.  Organic  aerogels  were  reported  simultaneously  with 
inorganic counterparts in 1931 by Kistler.  Kistler noted that organic aerogels, from 
nitrocellulose, were more robust than oxide aerogels.
9,10
  Unfortunately the research on 
11 
 
sol-gel chemistry of alcoxides in the 1950’s and 1960’s over shadowed the advancement 
of organic aerogels, little work was done to advance organic aerogels until recently.  
Organic aerogels are attractive materials in that the production utilizes a much less time 
consuming protocol.  No longer is an inorganic skeletal framework needed, it has been 
replaced with a pure polymer aerogel network, similar to the nanostructure and 
interparticle bonding as in X-aerogels.  Pekala,
45,46
 in 1989, pioneered a sol-gel 
polymerization of a phenolic resin by a sodium carbonate (Na2CO3) base catalyzed 
gelation of aqueous solutions containing resorcinol with formaldehyde (RF) then aged 
and supercritically dried to form monolithic organic aerogels.
45 
SCF drying provided a 
highly porous aerogel which had an open-cell structure consisting of interconnected solid 
particles with typical diameters of 10 nm. The structure of RF organic aerogels is initially 
controlled by the sol-gel polymerization conditions.
47
  RF aerogels are dark in color with 




), nanopores (<500Å) with a low 
density, 0.03g cm
-1
. A major obstacle of RF aerogel production is the long gelation time, 
which can take several days for completion.
48
 Mulik et al.
 48
 reports an acid-catalyzed 
synthesis of RF aerogels, chemically indistinguishable to base catalyzed RF aerogels, 
which takes minutes to gel at 80 ⁰ C.  The progression of organic aerogels includes 
variations of phenolic resin chemistry (melamine-formaldehyde, resorcinol-propanal, 
etc.), followed by polyurethane
49,50
 and polyurea aerogels (PUA,)
51,52 
with the latest 









 (DCPD) and polybenzoxazines 
(PBO).
61,62,63
  All organic aerogels follow a similar scheme for completion, i.e. phase 
separation and formation of surface reactive colloidal nanoparticles (spheres or fibers) 
12 
 
capable of forming interparticle covalent bonds (see Figure 2.5). When organic aerogels 
are subjected to high temperature treatment (HTT), carbonization and/or pyrolysis, 




Figure 2.5.  Scheme for the formation of organic aerogels. 
2.1.2 Carbon  Aerogels.    Monolithic   carbons   include   carbon   (C-)  aerogels, 
prepared by pyrolytic carbonization (typically in the 800−1300 °C range) of organic 
(polymeric) aerogels.  C-aerogels are conventionally described as covalent bonded 
carbon nano-particles consisting in a meso to nano-porous structure.  It stands to reason 
since the first exploited organic aerogel was RF aerogels, it was also the first precursor to 
C-aerogels, and still remains the prevalent route to C-aerogels.
64
 For an assortment of 
13 
 
sustainable energy applications C-aerogels are particularly favorable as they possess a 
tunable three- dimensional hierarchical morphology with ultrafine cell size in an 
electrically conductive framework. Carbon aerogels were produced from RF, crosslinked 







 DCPD and PBO,
61,62,63
 organic aerogels processed 
pyrolytically by heating, in Ar, at 800 °C.
41,57,65,66
  No other pretreatment was conducted 
with the exception PAN organic aerogels required prior aromatization by heating in air in 
the 300 °C range.
67,68 
Carbonized aerogels were graphitized by further heating in the 
2000−3000 °C range under He.41,57 The initial impetus of this research was to  investigate 
organic aerogels, other than RF, as precursors to carbon/graphite aerogels. As quite by 
accident after, the final HTT new micrometer-sized “whisker-like” objects embedded in 
the surrounding particulate matter was observed (see Figure 2.6). Further descriptions of 
these assemblies are in Section 4, 5, and 6. 
The degree of graphitization of precursor PAN, PIISO, PBO, PU, DCPD, and RF 
aerogels are investigated with the results in Section 5.  Quantity of graphitic carbon aids 
in determining the end use of such carbonaceous materials.  Fully graphitizing carbons 
can be utilized where electrical conductivity is required, whereas non-graphitizing carbon 








Figure 2.6. Clusters of “whisker-like” structures present in a void.  G-aerogel (PAN 




3. MICROSTRUCTURE CHARACTERIZATION 
3.1 MORPHOLOGY 
Morphological characterization of aerogels, X-aerogels, and xerogels has 
traditionally been conducted by microscopic methods.  Classical light microscopy is used 
to observe objects down to 1-2 micron range.  Scanning electron microscopy is utilized 
below 1 um to the nanometer scale. Whereas most of the material’s structure for this 
work is in the sub-micron or nanometer range, light microscopy was only used to 
delineate carbon/graphite aerogel samples that contained an abundance of CCS from 
those with little or no CCS. Routine characterization methods of carbon aerogels include 
the use of a scanning electron microscope, SEM, transmission electron microscope, 
TEM, equipped with scanning transmission electron microscopy, STEM, X-ray 
diffraction, XRD, Raman, and small angle X-ray scattering, SAXS.  Using these methods 
allow for the morphological characterization of the primary particle to the secondary, 
even tertiary particles and beyond.  In the following, the theory will be restricted to basics 
needed during this thesis. 
3.1.1 SEM  Basics.  Scanning  electron microscopy,  developed in the late 1940’s,  
is typically the initial technique employed to characterize aerogel materials that contain 
particles in the 0.1 to 10 nm range.
70
  SEMs are very versatile tools with several operating 
modes that provide a wealth of information on the micro morphology of an aerogel.  
Information obtain from SEM micrographs include, particle size,  mesopore void size, 
particle and/or void distribution, particle and/or void shape, void and/or particle 
associations as well as Phase concentration. Electron microscopy specific detectors, 
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secondary electron image (SEI), back scatter electron image (BSEI) elemental 
microanalysis (energy dispersive spectroscopy, EDS), positional secondary electron 
image (in the lens detector, TLD), and scanning transmission electron detector (STEM), 
delineate these parameters for accurate characterization of the morphological properties 
of aerogel materials. 
Secondary electron images contain surface information, roughness and extent of 
extent of Phases present, etc.  Information below the surface at times is rather suspect, 
especially when the connectivity of a sub-surface article to the surface is an important 
part of the research, such as the extent of a nucleation site.  Until recently this 
information was extremely tedious to obtain, entailing many hours of laborious sample 
preparation to expose the exact interface where the surface and subsurface meet.  During 
the 1990’s focused ion beam (FIB) instruments became commercially available, thus 
allowing the controlled removal of material from a sample at specificlocations.
71 
 A FIB 
uses a focused ion beam, Ga
+
, to selectively trench below the surface thereby exposing 
subsurface details.  This method takes about one fourth the time of conventional mount 
and polish techniques. An added advantage is that the ion beam it can also be used to 
image non-conductive samples.  The resolution for focused ion beam imaging is much 
lower than electron beam imaging ~ 5 nm.
71
 A draw back to using a FIB to cross-section 
carbon samples arises because the ion beam has deleterious effects on the carbon 
structure, causing it to change and even collapse the original structure (see Figure 3.1). 
3.1.2 TEM  Basics.   Transmission  electron  microscopy  was  the  first  type  of  
electron microscopy developed in the 1930’s.72  In a transmission electron microscope, 
TEM, the sample is transparent to the electron beam thus electrons are transmitted 
17 
 
through the sample.  This gives information on the internal structure of the material such 
as degree of crystallinity, crystal orientations, structural defects, and nanoparticle size and 
relationships.  TEM analysis is a very efficient and versatile tool in materials 




Figure 3.1. Series of time lapse images of a CCS cluster during ion beam interaction 
(30kV, 2.8 nA). A) no ion beam, B) ion beam for 1 minute, C) ion beam for 2 minutes, 
D) ion beam for 5 minutes, E) ion beam for 10 minutes, F) ion beam for 15 minutes, the 
effect of the ion beam is not noticeable after 10 minutes as can be seen by the space 
between two rods denoted with arrows appears the same between 10 and 15 minute 
exposure. 
corrected TEMs one can distinguish atoms and atomic structures as well as structural 
defects.  Classic modes of TEM operation include bright-field (BF), dark-field (DF), 
STEM and electron diffraction, which were used to ascertain the degree of crystallinity of 
the carbon aerogels as they are subjected to a higher heat treatment.
73
 Information gained 
18 
 
in the traditional BF or direct beam shows the progression of graphite by imaging the 002 
stacking with increasing heat treatments, (see Figure 3.2). The d002 lattice fringe spacing 
can be measured and then compared to pure graphite d002 spacing, 0.334 Å.
74
  The closer 





Figure 3.2. PAN C-aerogel images at successive heat treatments. There is an increase in 
graphitic layers and stacking (indicated by white arrows). 
Selected area electron diffraction (SAED) patterns can be used to study individual 
particles by evaluating and determining the interplanar spacings of a material. DF is 
accomplished by inserting an aperture in the reciprocal space that only allows a given hkl 
beam to pass through to be used for imaging.  In DF images regions of the object appear 
19 
 
bright which correspond to a selected hkl beam condition. Figure 3.3 shows a diffraction 
pattern from a pyrolyzed organic aerogel with corresponding BF and DF images. 
SAED used in conjunction with DF images, the degree of mis-orientation can be 
calculated for disordered materials.  Two DF images are obtained for the same area using 
different hkl beam conditions and based on the location of the two hkl beam conditions 
on the diffraction pattern the degree of mis-orientation or twist can be determined.
76
  This 
is helpful in determining the relative positions of features or units in pyrolyzed carbons, 
which in turn can be used to gauge the degree of graphitization during and after 
processing, (Figure 3.3). 
3.1.3 BET  Theory.   While  bulk  density,  ρb,  measurements  are  performed  by 
taking physical measurements, volume and weight, skeletal density, ρs, is measured by 
He-pycnometery.  Surface area measurements are determined by the physical adsorption 
of gas molecules to the surface of the material.  This method is known as the BET, so 
named because Stephen Brunauer, Paul Hugh Emmett and Edward Teller published the 
initial theory in 1938.  The model is a derivation on the Langmuir theory, gas molecules 
will physically adsorb on a solid in non-interacting layers infinitely,
77
 (see Figure 3.4).    
The BET formula takes into account that each gas monolayer can act as a substrate for 
adsorption of further adsorption. 
 
P/V (P0 – P) = (1/VmC) + ((C – 1)/VmC)(P/P0)                          (1) 
 
C: BET constant 
P: equilibrium pressure of adsorbate 
20 
 
P0: saturation pressure of adsorbate 
V: volume of gas adsorbed per unit at pressure P 













Figure 3.3. BF image of a columnar carbon structure edge.  A is the DF image of the 
upper circled area; B is the DF image of the lower circled area. Twist miss-orientation 
between the two is approximately 120º. 
 
Figure 3.4. Schematic drawing of BET theory. 
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Total surface, Stotal and specific surface area S are calculated by the following 
equations: 
 
                                             (2) 
                                                     (3) 
 
:  mono layer of adsorbed gas 
N   :  Avogadro’s number 
    :  adsorption cross-section of the adsorbing species 
    :  mass of adsorbent 
 
Skeletal density measurements are correlated with the bulk density measurement 
to calculate porosity. VTotal is a relative volume with respect to N2 gas adsorbed. 
 
                                        VTotal = (1/ρb)-(1/ρs)                                     (4) 
Data on the surface area and porosity are achieved based on the shape, position, 
and hysteries of the physisorption isotherm produced form BET analysis, (see Figure 
3.5). The range of validity of the BET model for the determination of the specific surface 
is in the range of 0.05 – 0.3 P/P0.
78
   Porosity information gleaned from BET data are 
pore volume, mean pore radius and distribution of radii.  These are all crucial parameters 
to understand when modifying nanoparticle materials to fine tune the material properties 
22 
 
for specific applications.  When calculated average pore diameter does not match the 





Figure 3.5. Schematic adsorption/desorption isotherm in a mesoporous solid. 
3.2 CRYSTALLINITY 
3.2.1 SAXS.   Analytical  methods  based  on  scattering  occurrences  are used to 
study materials in the nano-scale range, >0.5 µ.  SAXS is elastic scattering of X-rays by a 
sample which has inhomogeneities in the nm-range recorded at very low angles, 0.1-10⁰. 
Particle size distributions can be determined from the scattering data when several 
conditions are fulfilled: 
 The particles and surrounding medium have differing but uniform 
electron densities. 
 Density of particles is low. 
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 Particles are approximately the same known shape. 
 Particles are randomly arranged and isotropic to the incident X-ray 
beam. 
 The use of SAXS is a recognizable method for the characterization of primary 
and secondary particle size and their relationships in the nanoparticle structure of 
aerogels.  Information from this angular range contains information about the shape and 




Microscale or nano-scale structure of particle systems, averaged particle sizes, 
shapes, distribution and surface-to-volume ratios are invaluable parameters when 
accurately characterizing materials for further refinement or new nano technological 
applications. Because SAXS can be completed on wet and dry samples it is very 
amenable to the study of aerogel systems, from gel inception through aerogel or xerogel 
conclusion.  
SAXS has also been used to investigate the changes in carbon aerogels when the 
organic precursor has been modified.  These modifications include the variation of the 
catalyst, catalyst to monomer ratio, and temperature of reaction. The changes analyzed 




Vacher et al. at Montpellier and Schaefer et al. at the Sandia Laboratories in New 
Mexico both used SAXS to explore the fractal characteristics of the silica aerogel 
network.
80,81
 Using SAXS data, determination of the phase difference between two 









Figure 3.6. Phase difference between two scattering centers, particle “A” and “B”.   ⃗ and 
 ⃗0 represent unit vectors in the direction of the scattered and incident beam, respectively. 
θ is the scattering angle and  ⃗ is the scattering vector. 
For a scattering angle θ, the scattering vector q is defined by plotting intensities, 




q =  ⃗  
          
 
                                               (5) 
 
where θ is the angle and λ is the X-ray wavelength.  The scattering amplitude at q is 
relative to the electron density distribution ρ(r) of the scattered particle and is expressed 
by a Fourier transform. Scattering, A(q), of an irradiated volume V is calculated by (6): 
 
A(q)=∫            
 
 
                                           (6) 
 
Intensity of the scattering of a single particle I0 (~q) is the product of the 




I0(q) = A(q)·A*(q)                                               (7) 
 
The present study considers the particles to be symmetrical, i.e. spherical, thus 




 =│( ρ)2  
  P(q)│                               (8) 
 
where ∆ρ = ρs - ρm  is the electron contrast of the system s, electron density ρs, in the 
medium m, electron density ρm,(in the present study the medium is air) and Vp is the 
volume of the particles and P(q) is the form factor of an individual particle. Scattering 
intensity I0(q) of a spherical homogeneous particle of radial density ρ(r) and radius R0 is 
thusly calculated by: 
 
I0(q) =   ∫     




     2                        (9) 
 
Solving for I0(q) the relation to the scattering q is approximately 
 
 
     
                                                      (10) 
 








                                                 (11) 
 
Where I0 is a constant and α can be determined from the slope of the linear parts 
of the log I(q) vs. log q plot. Where applicable the fractal dimensions (mass (Dm), pore 
(Dp), surface (Ds), can be calculated.  For mass or pore fractals,  
 
α = Dm or Dp when 1<α<3                                (12) 
 
 and for surface fractals, 
 
α = 6 – Ds, 3<α<4.                                               (13) 
 
As the values for α do not overlap, it can be used to distinguish between mass and 
surface fractal regimes. In log log plots of I(q) vs. q, high q values correspond to the 
Porod region which describes the primary particle in term of shape and surface fractal. 
For smooth spherical particles α = 4 and Ds = 2, deviations from these values can be 
attributed to several causes: 
 Short-range electron density fluctuations within the solid Phase, 
 Roughness or fractal properties of pore-solid interface, 
 A pore-law pore size distribution.84 
The second region of the log log plot refers to the Guinier region; from this region 
the radius of gyration can be calculated.  The radius of gyration is related to the radius of 







                                                     (14) 
 
where RG is the radius of gyration and Rp is the mean size radius of the particle. There is 
a large body of literature concerning the theory and practice of small angle scattering, for 
a review, see references 
85,86,87
 
3.2.2 Raman.   Historically,  Raman spectroscopy  has  had  a  significant  role  in 
providing key structural information of graphitic materials, concerning defects, stacking 
of the graphene layers as well as the determination of specific sizes of the crystallites 
parallel and perpendicular to the hexagonal axis.
88
  Venkata Raman in 1928 discovered 
that there was a measurable difference in energy between the scattered light and the 
excitation source, and the amount of energy involved is characteristic of a particular bond 
in a material. Raman spectroscopy is sensitive to extremely symmetric covalent bonds 
that have little or no natural dipole moment.
89
  Carbon-carbon bonds that make up C-
aerogels fit this criterion well and as a result Raman spectroscopy is highly susceptible to 
these materials.  It is able to provide a wealth of information about their structure, 




Bands in Raman spectra correspond directly to specific vibrational frequencies of 
a bond within the molecule. The position of the Raman band is indicative of the 
vibrational frequency and orientation of a molecular bond and the weight of the atoms at 
either end of the bond; heavier atoms slow the vibrational frequency and shift the 
corresponding Raman band to a lower frequency. In diamond, the main Raman band is at 
1332 cm
-1
, G band, whereas the main band in graphite is at 1582 cm
-1 





 bonded carbons in planar sheets.  The presence of additional bands in a 
carbon Raman spectrum indicates that there are some carbon bonds with different bond 
energies in the material other than sp
2
. A band at 1350 cm
-1
 is known as the D band, 
referred to as the disorder band, which originates from a hybridized vibrational mode 
associated with graphene edges and it indicates the presence of some disorder to the 
structure.  Small random graphite units will exhibit more edges than larger planar 
graphite.  Measurements of the Raman G band and other bands provide information on 
the structure of the carbon composing the C-aerogels for accurate characterization.
92,93
 






                                         (15) 
 
where E is the excitation laser energy in eV used in the Raman experiment, ID is the 
intensity of the D band and IG is the intensity of the G band,
94
 the La or width of the 
hexagonal plane of a graphitic material can be determined. 
3.2.3 X-Ray Diffraction Basics.  Bragg's Law refers to the simple equation: 
 
nλ = 2dsin θ                                                 (16) 
 
developed by English Physicists Sir W.H. Bragg and his son Sir W.L. Bragg, 1913, to 
explain why the cleavage faces of crystals appear to reflect X-ray beams at certain angles 
of incidence (θ, λ). The variable d is the distance between atomic layers in a crystal, and 
the variable lambda is the wavelength of the incident X-ray beam and n is an integer.  X-
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ray diffraction, XRD, is the technique of determining atomic and molecular structures of 
a crystal due to the crystalline atoms diffracting a beam of X-rays in numerous specific 
directions. By measuring the angles and intensities of these diffracted beams, the density 
of electrons within the crystal can be determined as well as the mean positions of the 
atoms in the crystal, chemical bonds, atomic disorder and various other information.  
Carbon can exist in ordered states, diamond and graphite, to dis-ordered states or 
amorphous carbon.  As it is easy to distinguish between diamond and graphite, it is not 
always so easy to distinguish graphite from the amorphous state of carbon.  It is even 
more difficult to determine the degree of order when carbon phases are mixed.  X-ray 
diffraction, XRD, is used to determine the initial state of the precursor material as well as 
track the change and degree of order in the C- and G–aerogels.  Amorphous carbon has a 
broad asymmetrical Peak at ~ 20° 2θ whereas graphite displays as sharp symmetrical 
peak at 26.228° 2θ (see Figure 3.7).  Graphitic order in bulk C- or G-aerogel materials 
can be concluded based on the position, intensity and shape of the diffracted lines.  
By application of the Scherrer’s equation95 to the 002 diffraction line from a 
carbon material’s XRD pattern the size in the “c” axis or stacking, La, of a graphitic 
material can be determined, 
 
τ =Kλ/βcos θ                                                       (17) 
 
where τ is the mean crystallite size which often times is small than the grain size, K is 
shape factor, typically dimensionless, value of 0.9,  is the X-ray wavelength, ß is the 
width of the FWHM intensity, and  the Bragg angle.  X-ray analsysi data cannot be 
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definitely correlated toa specific morphology when the materials are inhomogeneous, 














Figure 3.7. XRD pattern for commercial graphite. 
3.3 COMPOSITIONAL 
Although, at the temperatures used for graphitization, there should be no residuals 
left form the initial organic aerogels, it is important to know if other constituents are 
present.  Most often structural growths in carbon matrices are due to the presence of alien 
substances. 
3.3.1 XPS.  All things, if  left  in an  atmosphere,  will  exhibit  surface  chemistry 
changes, either catastrophic or gradually, as environmental reactions. These changes can 
be on the scale of 1-10 nm and extremely difficult to detect with bulk analytical methods.  
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Photoelectron spectroscopy, XPS, is a quantitative electron spectroscopic technique that 
can measure these small chemical changes.  Elemental composition, empirical formula, 
chemical state and electronic state of can also be determined with XPS.  Kai Siegbahn, 
1981 Noble Laureate and Swedish Physicist, developed this method where a beam of X-




Not only can these instruments determine the surface contaminates, XPS 
instruments can sputter away the surface and determine sub surface elemental 
constituents in the parts per million concentrations. CCSs were first observed on the 
surface of voids and outer surfaces of the C-aerogels. XPS sputtered the surface layer 
away to remove possible environment contaminants and analyze for appreciable amounts 
of contaminant elements, O, N, S, and Si, in the C-aerogels.  If contaminates were 
determined to be in significant concentrations they could attribute to the nucleation and 
growth of the CCS in the C-aerogels.
98 
3.3.2 EDS.   Elemental  X-ray dispersive  spectroscopy (EDS)  is a microanalysis  
technique performed in an electron microscope.  When the electrons from the sample are 
displaced by the primary beam and interaction electrons they are energized. As this 
energy is relaxed, characteristic X-ray energy is emitted that is be detected and 
quantified.  The spatial resolution of a typical EDS detector is on the order of 132 keV, 
limiting this elemental analysis to ± 5 weight percent of the element present.
70
 This type 
of analysis is very good for qualitative information, when performed without standards 
this is considered semi-quantitative analysis, at best.  Another drawback to this type of 





.  Unless carried out over a statistically large enough area the data can be 
circumspect. 
3.3.3 CHN  Analysis.  For organic chemistry the carbon,  hydrogen, and  nitrogen  
analysis are the most essential, in frequent cases these are the only elemental 
examinations performed to characterize the elemental composition of an organic sample. 
Numerous organic compounds include no additional elements besides C, H and N except 
for oxygen. Although oxygen can be verified individually it is seldom determined 
separately. 
A 2-3 mg sample is placed in a tin capsule heated to approximately 990 °C under 
conditions of excess oxygen where the material is "mineralized". Complete oxidation is 
reached using a tungsten trioxide catalyst which is passed by the gaseous reaction 
products. High purity helium is used as carrier gas moving the resulting gas mixture 
consisting of CO2, H2O NOx and excess O2. The product gas mixture flows through a 
silica tube packed with copper granules held at 500 °C where the remaining oxygen is 
bound and nitric/nitrous oxides are reduced. The leaving gas stream includes the 
analytically important species CO2, H2O and N2, when present SO2 or other 
hydrohalogenides are absorbed in appropriate traps. Finally the gas mixture is brought to 
a defined pressure/volume state and is passed to a gas chromatographic system where 
separation of species is done by zone chromatography. In this technique a staircase type 
signal is detected, step height is proportional to the substance concentration in the 
gaseous mixture. The detection limit for carbon and nitrogen in sample amounts of 2 to 3 
mg is approximately 0.05 w% (500 ppm).
99
 This type of elemental analysis is considered 
bulk analysis whereas XPS is site specific elemental analysis. 
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3.3.4 NMR  Analysis.  Nuclear  magnetic resonance (NMR)  is  an  effective non- 
selective analytical tool that enables one to ascertain molecular structures including 
relative configuration, relative and absolute concentrations, and even intermolecular 
interactions without the destruction of the sample. It is a phenomenon which transpires 
when the nuclei of certain atoms are submerged in a static magnetic field and subjected to 
a second oscillating magnetic field. Some nuclei experience this phenomenon, while 
others do not; this is dependent upon whether the nuclei possess a property called “spin”. 
NMR is routinely used to study physical, chemical, and biological properties of a variety 





Carbon is the 15
th
 most abundant element on earth and the 4
th
, by mass, most 
abundant element in the universe.
100
 Discovered by ancients, it is an incredibly useful 
element as well as the backbone of organic life.
101
  Carbon’s versatility originates from 
its ability to form bonds using various orbital hybridizations, giving rise to numerous 




 combinations therein. These 
remarkable carbon forms include organic carbon, inorganic carbon, synthetic carbon, and 
pyrolytic carbon.  
Graphite, so named by Abraham Gottlob Werner in 1789 from the Ancient Greek 
γράφω (graphō), meaning "to draw/write,"102 is common form of carbon is graphite. This 
two dimensional structure experiences primary growth along the “a” axis, as opposed to 
the “c” axis.  Thus vapor-deposited carbon grows along the hexagonal layer and not 
along the “c” axis, (see Figure 4.1). Graphite’s anisotropic crystal structure is effectively 
two-dimensional, consisting of layers of sp
2
 hexagonally-bonded carbon layered in a 
specific stacking sequence of ABAB (Figure 4.1).  These stacked layers are graphene and 
are weakly bonded by van der Waals forces which allow them to easily glide and rotate 
relative to one another.
103,104,105,106
  Because growth kinetics favor “growth” across the 
hexagonal layers rather than in the axial “c” direction, thin, flat crystals are produced.  
Here, the largest free surfaces are bounded by the basal planes, such as can be found in 








Figure 4.1. Tri-layer graphene showing a typical graphite structure. 
4.1 PYROLYTIC CARBON 
Pyrolytic carbon is the irreversible thermochemical decomposition of 
carbonaceous materials (i.e. gases and hydrocarbons as well as both organic and 
polymeric materials) at elevated temperatures in the absence of oxygen.
108
  Extreme 
pyrolysis, which leaves a residue that is, primarily, carbon, is known as “carbonization.” 
Properties of pyrolytic carbon depend greatly on precursor carbonaceous material (i.e. 
open pore precursors result in porous pyrolytic carbons). Open pore pyrolytic carbons 





 electrodes for both a double layer capacitor
52,110
 and fuel cells,
49,58
 support 
for Pt and Ru nanoparticle catalysts,
111












There are two classes of pyrolytic carbons, partially graphitizing (hard carbons), 
including most polymeric precursors and fully graphitizing (soft carbons). Hard carbons 
contain covalent bonds between the graphene sheets due to imperfections in the structure 
layer structure, (see Figure 4.2),
116
 where as soft carbons do not contain covalent bonding 
between graphene sheets.
117,118  
Partially graphitized carbons have unique properties, such 











Figure 4.2. Graphite aerogel microstructure.  Image reveals lamellae parallel layers of 
carbon atoms in a hexagonal or graphitic texture, which are perpendicular to the direction 
of growth exhibiting hard carbon covalent bonding between planes, arrows. 
Thus these materials are considered a nanoporous carbon (NPC).
120
  During 
carbonization, functional groups are discharged from the precursor material in a stepwise 
manner. The oxygenated groups discharged first, then the nitrogen and sulfur equivalents 
thus forming gases such as NO2, CO2, H2O and SH2. Once these groups are discharged 
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Figure 4.3. Changes in organic materials during pyrolysis.
119
 
High resolution transmission electron microscopy (HRTEM) reveals that 
pyrolytic carbon microstructures have lamellae parallel layers of carbon atoms with 
graphitic texture (Figure 4.2). When the layering is either an equi-distance or not 
perfectly straight, it is considered to be turbostratic.
136,236
 (Layers in perfect graphite have 
a d002 spacing of 3.35 Å, whereas the d002 spacing in turbostratic carbon ranges from 3.5-
3.45 Å. )
122
  Pyrolytic carbons have curved graphene sheets that comprise the bulk of the 
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carbon’s material (see Figure 4.4). This type of morphology results in high surface area 
and porosity.
118,120,123
 The curvature is generally attributed to the incorporation of non-
hexagonal units (such as pentagons) into the structure.  Harris and Tsang
124
 presented a 
model, in which curved fragments (i.e., basic structural units, [BSU]) from fullerene 
degeneration are the essential building units in porous carbons (see Figure 4.5).  This 
model can account for the curvature from five member rings within the graphite’s 
structure. The fragments in pyrolytic carbons, as reported by Harris and Tsang
124
, species 
are polycyclic aromatic hydrocarbons (PAH).
119,120
 
PAHs, for example, benzo[a]pyrene (BaP), C20H12 [5], anthanthrene, C22H12, [6]  
and tetraphene, C18H12, [7] (more commonly known as benz(a)anthracene) are known to 
exist in pyrolyzed carbonaceous materials.
125,126
 As with most graphene materials both 








When pentagonal structures are introduced into graphene sheets, the flat graphene 
sheets becomes puckered.  Thus the inclusion of pentagons is considered to be a defect.  
Crystallographic defects can occur in graphene by the 90° rotation of two carbon atoms 










Figure 4.4. Internal structure of PAN HDDA G-aerogel:  a) curved sheets and b) relative 
large voids between graphitic layers. 
 
 






about the middle of the bond.
128
 This rotation createsstructural changes in the sp²-bonded 
carbon systems whereby two pentagons and two heptagons are created from four 
hexagons. Breaking the bonds between pentagons and hexagons in buckyballs also allows 
isomers of C60 to be obtained.
128
  Pentagon inclusions can also be from the “Pentagaon 
Road” mechanism.129 “Pentagon Road” describes a mechanism in which, at high 
temperataures, carbon clusters anneal to attain the minimum energy where only non-
adjacent pentagons and hexagon carbon structures result. The temperature required for 
this event should be high enough to allow the introduction of pentagons but not so high as 
to induce the permanent rearrangement of the carbon structure without pentagon 
formation. The introduction of pentagons in the pyrolyzed organic aerogel precursor 
carbon/graphite aerogels is likely a result of the reaction conditions favoring either the 
diffusion or movement of both the adatoms and BSUs whereby they interact and become 
larger units.  As the carbon fragments move during heating, they connect through 
dangling bonds at the edges by producing carbon-carbon bonds
130
 to reduce energy. Tang 
and Bacon
131
 studied cellulose carbon fibers to determine the length yield after pyrolysis 
as a method for quantifiying shrinkage.  After chain sicision, chain fragments join to form 
graphitic BSUs. The proposed two fragments, which have adjacent chains, join to form 
graphite layers along the “b”-axis in differeing orientations. 
4.1.1 Columnar Carbon Structures.  Whiskers are monocrystalline filaments of 
a material with either little or no defects. Some of the most common materials displaying 
whiskers include graphite, alumina, iron, and silicon. Single-crystal whiskers of these 
materials are known for exhibiting very high tensile strength (on the order of 10–20 
GPa).
132
 Whiskers are utilized in some composites, but the large-scale production of 
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defect-free whiskers is very difficult. Interest in high volume manufacture of such 
materials as seen embedded in the particulate matter of a carbon aerogel, (see Figure 2.2), 
after HTT, is very keen. 
Some of these carbon “whiskers” appear: 
 as axially true 
 resembling a scroll 
 as screw-type structures 
 obviously helical in habit 




Similar structures have been observed in micrometer-sized pores of glassy carbon 
of phenolic origin. These structures appeared after carbonization at 2000 °C in a N2 
atmosphere and thought have originated from C−H(N2) gas trapped in pores during 
carbonization.
88
 Analogous cone-like structures have also been produced from finely 
milled (for 24 h) natural graphite heated with epoxy at temperatures between 2100 
and2500 °C. Under these conditions, carbon is amorphous (ignites spontaneously in air), 
and the proposed mechanism involves CO-mediated growth.
134,135
  Several polymeric 
aerogels (PAN, PBO, PIISO, PUA, DCPD, and RF) all following similar pyrolysis 
routes, produce carbon “whiskers” (see Figure 4.6). 
Chemical analysis precludes the presence of a catalyst. Thus, the nucleation of 
columnar carbon structures was self-catalytic with small graphitic units, possibly present 
in the material from initial carbonization, providing sites for nucleation.  The extensive 














Figure 4.6. Habit of CCSs from several graphite aerogels: a) PAN-HDDA precursor, 
helical b) DCPD precursor, screw like, c) PBO precursor, polygonal cap, d) PAN- 
EGDMA precursor, axial true, e) PBO precursor, similar to natural graphite structures, 
and f) RF precursor. 
presented in Sections 5 and 6.  References materials, both activated carbon and carbon 
black, were treated to the same final HTT as the C-aerogels. Activated carbon is a carbon 
material that is peppered with low volume pores, increasing its surface area and thereby 
increasing the area for adsorption or chemical reactions. Carbon black is a solid 
amorphous carbon material with a high surface-area-to-volume ratio. This ratio, however 
is not has high as that of activated carbon. TEM images of the CCSs suggest these 
structures consist of layered material arranged into two sets of parallel lines converging at 
a sharp angle. The lines are separated by a distance of 3.43 ± 0.03 Å: they are the 
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prismatic edges of a hexagonal graphene sheet that is parallel to the incident electron 
beam. These lattices fringe are consistent with reported turbostratic carbon 3.34 Å.
136
 
4.1.2 Literature Review of Columnar Carbon Growth.  The following sections 
include previous reports of columnar carbon. 
4.1.2.1 Natural  graphite.  Natural  graphite  occurs  in  three  forms,  crystalline, 
amorphous and lump graphite (see Figure 4.7). Crystalline graphite exhibits a flat, plate-
like habit with hexagonal edges. Once broken, the edges become angular.  Amorphous 
graphite occurs as very fine flakes whereas lump graphite is found in either veins or 
fractures growing as large, platy intergrowths of acicular crystalline aggregates.  For 
example, natural graphite aggregates occur in sausage-shaped calcite deposits throughout 
the Bancroft shear zone in the Central Meta-sedimentary Belt of the Canadian Grenville 
province. This graphite is spheroidal in shape with a hexagonal crystalline texture.  The 




Other geological occurrences of “cone or rod” shaped graphite include the 
Hackman Valley, Khibiny Massif, Kola Peninsula, Russia, (see Figure 4.9).
133
 The 
Korsun-Novomirgorod intrusive complex in central Ukraine includes graphite with 
unusual tabular flake with macro spirals, (see Figure 4.10).
137
 These instances of natural 
graphite reveal striking similarities to that observed in pyrolyzed organic aerogels. 
4.1.2.2 Early reports of columnar carbon.  One of the early reports of columnar 
carbon comes in 1953 when Davis, Slawson, and Rigby
141
 reported on an “unusual form 
of carbon.” They observed these carbon structures in blast furnace brick work, while 








Figure 4.7. Natural graphite types: a) crystalline graphite
138
, b) amorphous graphite
139
,  










Figure 4.8. Optical image of lustrous graphite cones.  These cones, up to 50 μ long, are 





 describe this form of carbon as “minute vermicular growths” 
between 100 and 200 Å. This carbon penetrated deep into the bricks lining the blast 
furnace causing the bricks to fail (see Figure 4.11).They were then able to reproduce this 
phenomenon in the laboratory by exposing bricks with iron spots to carbon monoxide at  





Figure 4.9. Graphite from the Hackman Valley, Khibiny Massif, Kola 
Peninsula, Russia. (a–h) Rolled graphitic structures (RGS) of varying 
morphologies, coating the surfaces of aegirine and associated minerals 
in fractures in the pegmatite. Arrows in (a) indicate a few of the hollow 
broken tubes and cones. (b) blunt-tipped RGS associated with a large 
nanoscale tube. (c) broken scroll revealing a hollow center with 
concentric graphite-layered walls., (d–h) Scrolls and cones showing a 
variety of morphologies.
131 
Figure 4.10. Tabular graphite 
crystals from the anorthosites: (a-
c) various stages of macrospiral 
growth. Crystal sizes range from 







450 ⁰C.  A comparison between these images and with those of current carbon nanotubes 
reveals that Davis, Slawson, and Rigby were actually observing carbon nanotube 
growth.
141
 (It should be noted that individual authors choose to use a variety of terms to 
describe columnar carbon structures such as whiskers, rods, fibers, etc.  This author will 
use the terms each researcher has used.) 
Tsuzuku and Komoda
142
 describe conical crystals of graphite found while 
investigating artificial graphite.  This graphite was prepared through high temperature 
heat treatment (2500 ⁰C) from a carbon black.  The carbon discs were characterized as 
circular crystals of thin graphite based on electron diffraction patterns of spotty rings (see 




Figure 4.11. Carbon growths in fire brick after 30 hours in a carbon monoxide 






Figure 4.12. Circular disk from carbon black: a) heated to 2500 °C by Tsuzuku and 
Komoda, 1955 and b) schematic of disk deformation into a cone and gliding of a helical 
stack of conical crystal sheets.
142
 
further characterization of the discs as not flat but instead conical, similar to a “lotus leaf 
(Figure 4.12).
 130,142
 Although this described model was for columnar graphite, Tsuzuku 




 (the inventor of graphite fibers) reported on graphite whiskers grown in 
a graphite matrix by dc arc under argon (92 atm, at 3900 ⁰K) (see Figure 4.13). These 
graphite whiskers were composed of prismatic, on end, layers of graphene in which the 
“c” axis was Perpendicular to the whisker axis, resembling a scroll. Bacon was unable, 
however, to observe the development of these carbon whiskers. Thus, he was only able to 
speculate on both the nucleation and growth processes.
132
 
Bacon’s132 hypothesis was based on previous observations in which vapor 
deposited carbon proceeds in a layered fashion that is oriented parallel to the substrate 
surface. This orientation results in the reduction of surface energy within the initial 




Figure 4.13. Ribbon-like whisker carbon: a) revealing severe damage at the edge. No 
tearing has occurred, (3500X).  b) Bacon’s model of graphite whisker scroll structure.132 
fortuitous graphite particle either/or a soot particle (Figure 4.13b) to reduce its surface 
energy.  Growth proceeds quickly when the “c” axis is parallel to the direction of growth 
(i.e. a length longer than width in the carbon whisker).
132
 
4.1.2.3 Cigar-shaped conical crystals of graphite.  Amorphous carbon resulting 
from the electrolytic dissolution of an iron alloy (martensite) was heat treated at 2800 ⁰C 
for 4 hours in an Ar atmosphere.  The results were “cigar-shaped needles” of graphite 
(see Figure 4.14). These oblong-shaped graphite crystals consisted of graphitic layers 
with the “c” axis perpendicular to the central axis.  Electron microscopy revealed that the 
structures were graphitic layers arranged in a conical fashion; the cone’s axis was 
coincident with either the needle or the crystal.  Gillot et al.
144,145
 determined it would be 
too energy taxing for a system to nucleate individually stacked graphitic cones. Instead 
the needles are likely formed by a single sheet of graphene wound around a helical axis 




screw dislocation).  They determined that the angle (φ) created by both cone and the 
generatrix axis is linked to the angular shift (θ) of the (hk0) crystallographic directions 
from one layer to the next:  
 
     = 
     
  




 found that θ = 60⁰, thus leading them to report that the layers in 
the helically wound layers are superimposed, as in Perfect graphite ABAB stacking. This 







Figure 4.14. Gillot et al.
144
 representative “cigar shaped” carbon structures:  a) carbon 
needle, b) TEM image of cut sections of cigar carbon needles, c) longitudinal cross-
section of a “cigar” depicting the texture, and d) cone-helix of wound graphite sheets.144 
4.1.2.4 SiC  induced  carbon  whiskers.   Hannstra, Knippenberg, and Verspui146  
worked on carbon vapor deposition (CVD) from a carbon monoxide >1800 ⁰C, system.  
They found that 3-6 µm columnar carbon growths catalyzed by ß-SiC with a layered 
a b c d 
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graphitic microstructure.  It is proposed that the nucleation of the carbon rods is due to 

















 Figure 4.15. Columnar carbon growths on twinned SiC: (a) twinned D-Sic crystal 
showing frequent nucleation of carbon columns. (b) detail of surface of the twin, shown 
in (a), (c) rosette arrangement of carbon columns, (d) cylindrical carbon structures, (e) 
carbon growth cones, and (f) top of a carbon growth cone.
146
 
rods were due to the twinning of SiC grains.  These carbon columns had a “c” axis that 
was perpendicular to the growth direction with the addition of carbon adatoms. Growth of 
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these carbon columns was speculated by Haanstra et al.
146
 to be by surface diffusion at 
the top surface.  The apex angle of the rods was reported to be 140⁰, and electron 
diffraction patterns indicated rotational symmetry around the “c” axis.  This is seen by 
two sets of 002 basal spot patterns at 20⁰ degrees from the axis, perpendicular to 
direction of a conical side.  
This growth model, along with the model presented by Gillot et al. 
144
, differs 
from Bacon’s132 and Davis et al.141 previously described models in two important ways. 
First, the graphite layers are of the stacked layer type, not perpendicular to the substrate’s 
surface. Second, the growth is upward, not outward (see Figure 4.16), due to diffusion 






Figure 4.16. Different forms of columnar pyrolytic carbon.  002 basal planes are 




4.1.2.5 Cone-helix growth parameters.    Previous   examinations   of   graphite  
growth  in  metal have  revealed several  growth morphologies,  including kish or eutectic 
a b c 
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flake, spheroidal, and vermicular or coral (see Figure 4.17).
147 
  Flake graphite has been 
studied extensively, and both the nucleation and the growth processes are well 
understood. Until 1974, however, little was done to explain the growth of spheroidal and 
vermicular graphite in cast irons.  Double and Hellawell
147
 put forth a growth process that 
largely mirrors the work done by both Haanstra et al.
146
 and Gillot et al.
144,145
 to explain 
the evolution of these anomalous forms of graphite.  A simple geometric cone can be 
formed from a flat graphene sheet with a slit that runs from the edge of the sheet to the.  
The two cut edges are overlapped by an angle, thus forming the cone.  The resulting apex 






     
  




                    (19) 
 
This model would result in spiral growth upward and downward if the initial sheet 
were continuous, as in a sheet of graphene (Figure 4.18c). When Double and Hellawell
147
 
calculated θ for an apex angle of 140 they found that θ equaled 21.8⁰. This value 
corresponds to one of the lowest energy coincidence configurations for basal plane 
rotation faults in graphite. Other values for θ that result in lower energy configurations 
are 13.2⁰ and 27.8⁰.  Additional other possible basal plane axis rotation angles can be 
calculated from this information include, 
 
θ =60n                                                                (20) 
 
θ =60n ± 13.2⁰                                                   (21) 
 
θ =60n ± 21.8⁰                                                   (22) 
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θ =60n ± 27.8⁰                                                   (23) 
 
where n = an integer (0-6).  When θ = 0 and α = 180, growth is a simple classical screw 
dislocation that has been described by Frank,
148
 and the basal planes are not conical in 
shape.  Double and Hellawell
147
 reasoned that the conical helix nature of the graphite 
overcame the increased strain energy because it allowed for other coincident 
arrangements. These arrangements the expose larger basal surface area at the growing tip 




Figure 4.17. Morphology of graphite grown in iron metal: a) spheroidal graphite (b) 




4.1.2.6 Benzene precursor rods.   Carbon  fibers were produced by the pyrolysis 
of a benzene/hydrogen mixture at 1100 ⁰C150 (see Figure 4.19). These fibers were exten- 
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sively examined by both bright field and dark-field HRTEM techniques to identify 
several habits that contained a hollow center. The hollow centers ranged in size from 20 
to greater than 500 Å. The carbon layers present in these fibers were parallel to the fiber 
axis, appearing in concentric rings (similar to the annual growth rings found in trees 













Figure 4.18. Cone formation from a circular sheet of graphene: a) showing the 
relationship between the apex angle α) and the overlap rotation angle (θ), b) Cone 
segment with the apex angle 140⁰ formed from a basal sheet of carbon atoms with an 




The core region is characterized by long, straight, parallel layers of graphite 






are the result of pyrolytic deposition.  While they display a graphitic nature, they have a 
turbostratic texture.  A growth model was developed from these rods in which the surface 
diffusion of carbon on the catalysis particle was established.
122,150
 
4.1.2.7 Limiting member of the fullerene family?  Amelinckx et al.151 obtained 





Figure 4.19. TEM of thin carbon fiber, from benzene vapor deposition, showing straight 
sections of uniform fiber diameter.
150
 
also produced more columnar graphitic whiskers on βSiC substrates using the 20 year old 
protocol (see Figure 4.20). The purpose of this study was to identify a connection 
between graphite columns microstructure and fullerenes because the environments for 
producing both are very similar. It relied on electron diffraction patterns to determine the 





The electron diffraction pattern from the beam parallel to the “c” axis of a circular crystal 
fragment consisted of “segmented” concentric circles in which the radii were in 
accordance with the lattice spacing of graphite.   Each segment was found to be a cluster 
of the same number of equidistant spots. 
Previous works indicated that similar electron diffraction patterns were a result to 
the polygonization of conical sheets in either the rods or whiskers.  This segmented 
circular pattern differs from that of the beam normal to the “c” axis in that the spots are 
elongated, and their size increases with higher order.  In some instances, the patterns 





Figure 4.20. Amelinckx et al. SEM images of conically wound carbon columns produced 
from βSiC: a) a sharp tip end, b) cleaved in cylindrical segments, and c) part of a column: 





structures (see Figure 4.21).  Electron diffraction patterns from different areas of a 
circular crystal often exhibit the same patterns but in different orientations. These 
patterns are representative of differently orientated graphene sheets present in the 
diffracting area. An electron diffraction pattern is typically circular and symmetrical. In 
contrast, while symmetrical, a diffraction pattern from a crystalline material with a twist 
is ellipsoid in shape but maintains symmetry (Figure 4.21b). 
This work lead Amelinckx et al.
151
 to determine that the core of the helically 
wound carbon rods was not a screw dislocation.  Instead growth proceeds around a 
disclination.  In a typical spiral growth around a dislocation the successive planes have 
the same orientation while the graphite rods show different orientations in different areas. 
Haanstra et al.
146
 proposed that nucleation of the cone shape were inherited from the 
twinned SiC catalytic substrate.  Tusuzuku
130
 however, postulated that nucleation was 
from thin layers subjected to mechanical buckling.  This buckling created an overlap that 





 proposed a different nucleation theory whereby five member 
carbon rings are incorporated into an initial graphite sheet, causing it to buckle.  This 
theory is similar to a proposed mechanism for the development of fullerenes.
152
  
Although no direct evidence pentagons existed in the samples investigated, the fact that 
similar structures were present under different conditions in previous works makes this 
model seem most probable. 
4.1.2.8 Polyhedral graphite crystals in glassy carbon.   Between  one  and  five 
micron long polyhedral structures displaying faceted sides were observed in micron sized 
pores  of  glassy  carbon  (GC)  (see Figure 4.22).
98




Figure 4.21. Graphite disc electron diffraction patterns: a) perpendicular the 002 of 
cleavage flakes, the rings correspond with hk0 reflections of graphite. The circle is 
divided into 18 segments.  b) Oblique sections of the diffuse scattering distributions are at 
a tilt angle. The tilt axis is represented by the straight line ellipse-shaped loci which are 
the intersections of Ewald’s sphere.151 
carbon with properties of a ceramic as well as that of graphite; it is commonly used both 
as an electrode material and for high temperature applications.  These polyhedral 
structures include needles, rods, rings, barrels and double-tipped pyramids. Denoted as 
graphite polyhedral crystals (GPCs), they are pure carbon with inter-bonded basal planes 
at stationary angles to one another.  HRTEM analysis was used to determine the texture, 
composition, and structure of these objects. Some of the structures were helical in habit 
whereas others were axial true; they did not exhibit twisting.  Both simple symmetries 
(sevenfold and nine fold) as well as more complex systems were also present on the 
GCPs observed in the GC pores. The basal plane of these GPCs were parallel to the axis 
and exhibited a typical lattice fringe with interplanar spacing (<0.34 nm).
98
  
Possible growth mechanisms of the GPC assumed that the polyhedral nanotubes 





Figure 4.22. SEM of GPCs in pores of glassy carbon:  A) fractured surface, and GPCs in 
a pore, B) carbon nanotube (1), double cone (2), and microrods (3), C) twisted rod with a 
heptagonal cross-section, D) twisted GPC with a protruding nanotube, E) faceted ring, 
possible from a pullout of a core similar to C, and F) twisted rod with notch from a 




Energy dispersive spectroscopy (EDS) did detect trace amounts of iron in the 
material. It did not, however reveal, any metal impurities in the pores.  This finding 
supports non-catalytic growth of GPCs (which is similar to the growth of carbon 
nanotubes)
153




Large amounts of similar polyhedral graphite crystals were cultivated with a 
combustion flame method.  By means of an oxy-acetylene torch, graphite polyhedral 
crystals were deposited on molybdenum plates.  Sizes of the crystals were up to 3 µ in 
diameter and up to 15 µ in length. Their structures were either in a rod-like or pin-like in 
addition, maintained a complex axial symmetry.  This symmetry was frequently eight 
sided with obvious helicity (see Figure 4.23).
154
  Both observed structures exhibited high 
crystallinity with carbon layers parallel to the axis (Figure 4.23b and c).  Okuno et al.
154
 
surmised these structures to have the same mechanical properties of graphite whiskers 




Figure 4.23. SEM of polyhedral crystals synthesized by oxy-acetylene combustion: a) 




4.1.2.9 Synthetic carbon rods on natural graphite.   Dong et al.135 observed rod 
rod growth on heat treated Chinese natural graphite initially ground in a stainless steel 
ball mill with ZrO2 grinding media for 24-48 hours (see Figure 4.24).  Subsequent to 
milling, the freshly ground graphite was heat treated in a lidded graphite crucible to 2100  
a b c 
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⁰C and 2500 ⁰C.  The crucible was heated alongside a thermoplastic epoxy resin, for one 
hour in a vacuum graphitization furnace at 30 kPa and 100 Pa.  Dong et al.
135
 proposed  
the carbon monoxide produced from the degradation of the epoxy at temperatures below 
700 ⁰C, disproportionate leaving carbon vapor135 in accordance with the Boudouard 
equilibrium, 
 
2CO  → C + CO2
155
                                                (24) 
 
The Boudouard equilibrium occurs in processes over a bed of iron or nickel. In the 
milled, heat treated Chinese graphite no iron or nickel is described as being present.  
Rod growth from these parameters suggests that higher temperatures produce 
shorter, less defined rods whereas pressure does not appear to have any appreciable effect 
on the rod growth.  Initially, Dong et al.
135
 attributed both the nucleation and the growth 
processes to be similar to the vapor liquid-solid mechanisms
156
 where liquid droplets 
serve as a dissolution and nucleation unit.  After nucleation of the rod, a series of stress-
release-stress-release events induce the spiral growth exhibited by the rods.
135
 
Upon further investigation both nucleation and growth were accredited to 
disclinations
147
 produced by successive carbon layer deposition on small faceted ZrC 
crystals; they were not attributed to the stress-release-stress-release mechanism.  Small 
pieces of the grinding media broke off during grinding and remained with the natural 
graphite, where they were subjected to heat treatment.  At 1900 ⁰C, ZrO2, in the presence 




2ZrO2 + C → 2ZrC + 2O2                                                            (25) 
 
The thickness of the carbon layer deposits on the faceted faces of the ZrC varies 
with the orientation
157
of the twinned ZrC surface, thus, producing inconsistent step 
heights between the deposited layers.  These differences instigate the formation of a 




Figure 4.24 Carbon rods, on milled graphite, grown at 2100 °C.  All rods were grown at 
100 Pa:  a) aggregation carbon rods with differing morphologies on a ground graphite 
particle, b) carbon rod spiral, c) fracture surface of a carbon rod with conical end, d) non-







Figure 4.25 Schematic diagram of the origin of the disclination, D, in the carbon layers, 
B, grown on the surface of a ZrC crystal.
134 
When the ZrO2 milling balls were replaced with steel balls and all other conditions kept 
constant, whiskers were not found in the HTT ball milled graphite particles.
134
 
4.1.2.10 Wood  precursor  carbon  rods.   All  previous  carbon rod reports were  
synthetically grown on catalytic or prepared surfaces.  When both Japanese cedar 
(Cryptomeria Japonica) and ring-cupped oak (Quercus glaucu) were subjected to heat 
treatment (2000 ⁰C) structures comprised of conical stacked hexagonal carbon layers 
were produced similar to those described by Gillot et al.
144,145





  These constructions were termed “graphitic and their growth was 
attributed to be vapor-grown carbon from enriched carbon off gases. 
These gases are thought to concentrate in the preserved wood cell cavities to 
supersaturation levels, thus initiating whisker growth. Because Si has been observed in 
some tropical plant species, it may have played a role in the formation of the columnar 
deposits observed in the wood cell lumen.
158,159,160
 In an effort to reproduce the 
accidentally observed whiskers, Saito et al.
158,159,160
 carbonized (1200 ⁰C) wood samples 
inoculated the samples with powdered SiC.  They then subjected the samples to further 
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heat treatment at 2500 ⁰C and 10-20 Pa for one hour.  Upon cooling, Ar was introduced 
at 1900 ⁰C and held at 0.105-0.11 MPa until it reached room temperature. When the 
experiment were run again several parameters were changed, including the amount of 












Figure 4.26. SEM of conical graphite whiskers grown on wood cell cavities:  A) Quercus 
glauca after heat treatment at 2500 °C with added SiC, B) and C) high mag images of the 
carbon rods in the vessel, and the xylem fiber, respectively. SEM of Japanese cedar, D) 
original after treated at 2500 °C, E) powdered and oxidized at 800 °C then treated at 2500 
°C, (scale bar for A and B = 5 μm). 159,160 
affecting whisker growth.  The results indicate that original material played a significant 
role in whisker development.  Larger open cells under vacuum produced less but larger 
whiskers.  Pretreatment at 500 ⁰C produced the highest population of whiskers, whereas 
2700 ⁰C produced the largest whiskers with a 10 hour holding time.  Nucleation of the 
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whiskers was attributed to the introduction of SiC as a catalysis particle (see Haanstra et 
al.
146




4.1.2.11 Carbon and boron rods.  Graphite and boron nitride materials have the  
same hexagonal crystal structure. Both  boron nitride and carbon rods have been grown 
simultaneously by heat treating a B-C-N compound at 2200 ⁰C for 24 h under a flowing 
nitrogen (see Figure 4.27).
161
 Analyses of both of these rods reveal that they exhibit a 
helical growth pattern similar to that seen in the SiC and ZrC induced growth structures 
of Saito and Arima
158,159,160
, Haanstra et al.
146
, and Dong et al.
135
, respectively.  A 
chemical analysis of the rods suggest that, although they grew from a mixture of B-C-N, 











Figure 4.27. TEM of a heat treated B-C-N compound showing four conical particles, A – 





contained both BN and C. Bourgeois et al. proposed a model for the source of these rods, 
that consists of multiple twinned hexagonal (h-)BN crystals.  These crystals contain 
screw dislocations from which both rod types grew. 
Helical spiraling as opposed to monolayer cone stacking is established from the 
fact that the observed apex angles indicate a disclination angle equal to 13.2⁰, 21.8⁰, 
27.8⁰, n60⁰, or combinations of such values.144,147,162  The values of α and β (ß is the 
same as  in Gillot et al.144,145 and Double and Hellawell147,) are linked to provide the 
lowest energy coincidence configurations of a “c” axis rotation fault in graphite while 
maintaining ABAB stacking. Non-hexagonal defects in a graphene sheet will exhibit a 
cone with an apex angle described by this relationship: 
 
                                                               (26) 
 
Other apex angles are possible when the conical sheet overlaps, where the only 
restriction is maintaining ABAB stacking order of the overlapping layers
163
  Pentagonal 
defects result in a cone with an apex angle of 112.9⁰. To clarify, when the apex angle is 
incompatible with n60⁰ i.e. closed cones, a helical structure is favored, (see Figure 
4.28).
163
  The helical cone model presented by Bourgeois et al.
161
 for the BN and C 
columnar particles include both helical pitch and interlayer spacing.  
Their model explains why the cone apex angle distribution in the BN and C rods 
was not compatible with n60° disclinations, equation (24), 
 
                                                                  (27) 
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where p is the number of lines, q = pitch, k is a scale factor, θ
over
= |β – n60º|, and β is the 


















Figure 4.28. Two types of cone formation: a) non-helical cone and b) helical cone with 
pitch (q) equal to two interlayer spacings d0, the larger the value of q, the greater the 
distortion of the apex.
161
 
compatible with n60° disclinations was identified to be a “closed conical hat” 161 (Figure 
4.28a). 
4.2 SUMMARY 
The graphitization of pyrolytic carbon can exhibit multiple random nucleations 
resulting in CCS.
164
Although a variety of methodologies were used to prepare columnar 
carbon structures (CCS), striking similarities exist between the previously described 




Disclinations are the primary mechanism for inducing a cone-helix structure in CCS, with 






.  The cone-helix 
model has been confirmed as the growth process based on data from both SEM and TEM.  
In samples containing a catalyst particle, (i.e. either SiC or ZrC) the occurrence of 
disclinations was from twinned surfaces of the catalyst particle. When catalyst particles 
were absent, the inductions of disclinations were not mentioned. This study seeks to 
provide a plausible explanation for the inclusion of disclinations in self-catalytic carbon 
for the purpose of both the nucleation and growth of CCS in not only carbon aerogels but 
also activated carbon. Table 4.1 summarizes the research previously conducted on carbon 
microstructures that were primarily columnar in shape. 
 
 
Table 4.1 List of columnar carbon reports. 
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4.3 COMPARISONS AND OTHER CARBONS 
4.3.1 Carbon  Nanotubes.  It would be remise to  ignore both the similarities and 
differences between not only these carbon structures but also carbon nanotubes (CNT) 
(see Table 4.2).  Carbon nanotubes (tubular members of the fullerene family) have been 
defined as allotropes of carbon, of a cylindrical nanostructure, with a length to diameter 
ratio up to 100,000,000 to 1.
165
  These carbon structures typically exist as single walled 
(SWNT) in which the walls are one atom thick graphene sheets, or multi-walled 
(MWNT), in which concentric multiple sheets of graphene are rolled into a tube.  SWNT 
vary in size; the diameters are between 1 and 6 nm and the lengths can be up to 1,000,000  
 
 
Table 4.2. Contrast of CNT to CCS.  
 
Similarities Differences 
Shape (Columnar) Solid (Rods) vs Hollow with Closed Ends 
(CNT) 
Material Size 
Inclusion of Non-Hexagonal structures Construction (Layered vs Rolled) 
Growth Media (CVD) Growth Media (Not Induced CVD) 
Catalyst Used Can be Self-Catalytic 
 
 




A nanotube can display several possible geometries. One such geometry is a 
translational symmetry with a screw axis.  Each such nanotube geometry affects the 
                                                 
1
When discussing CNT the designation used refers to the tubule diameter d1 and chiral vector (n, m), where 





properties (the end application).  Two highly studied properties exhibited by carbon 
nanotubes include conductivity and strength. Until the discovery of CNT, single crystal 
columnar carbon had the highest material strength. 
4.3.2 Activated  Carbon.   Biniaka et al.166, in an attempted to better understand  
the physical and chemical changes HTT has on activated carbon.  They exposed a 
commercially available demineralized activated carbon (R3-ex from Norit, Borne, The 
Netherlands) to heat-treatment in an argon atmosphere at varied temperatures, (950–2700 
°C).  Significant structural changes were noticed in the samples that were heat treated at 
2100 °C. The appearances of 2 mm in diameter microcrystallites were observed, (see 
Figure 4.29). Further heat treatment (to 2700 °C) resulted in the appearance of cigar-





Figure 4.29. SEM of Biniaka et al. activated carbon samples:  a) heat treated at 2100 °C, 








theorized that the crystalline cigar-shaped particles were the result of 
non-induced carbon vapor deposition due to the partial pyrolytic decomposition of the 
activated carbon particles.  Decomposition of activated carbon produced gases containing 
elemental carbon. This carbon re-crystallized on particle surfaces, forming carbon 
microstructures similar to those of earlier works.
146,144,151,134,135,167,158,159
 Biniaka et al.
166
 
did not furthercharacterize these carbon microstructures but instead referred to them as 
“microefflorescence” at temperatures greater than 2400 °C. 
4.3.3 Carbon  Black.  Upon graphitization carbon black  particles  changed  from 
spherical to polyhedral in shape.
168
  To repeat this phenomenon Hagiwara and 
Takahashi
143
, took a small particle, commercial carbon black material and graphitized it 
at 3000 °C in a graphite crucible, surrounded by finely powdered coke, to produce carbon 
whiskers.  After carbon black was heated, from between 1and 8 μ diameter to between 50 
and 200 μ in length whiskers were formed in the crucible.  These whiskers were 
classified into five shapes: cone-helix, hexagonal layers, concentric circles, scroll layers, 
and lath-like structures (see Figure 4.30).  
The scroll type is “similar to the “whiskers” described by Bacon132.  TEM 
electron diffraction patterns were used to determine that the crystal structure of the cone-







. It was concluded by Hagiwara and Takahashi that 
these whiskers were “columnar graphite” consisting of “carbon layers growing spirally 








Figure 4.30. SEM of particulate carbon black: a) whiskers and b) cone-helix model of 







5. GRAPHITE AEROGELS 
5.1 INTRODUCTION 
Carbonization is heating organic materials at temperatures between 600-1000 ºC 
in an inert environment (pyrolysis). Pyrolysis of an organic/polymeric aerogel gives rise 
to monolithic porous carbon aerogels (C-aerogels).  Further high temperature treatment 
results in monolithic porous graphitic aerogels (G-aerogels). Resorcinol formaldehyde, 
(RF) [1], is the polymeric aerogel most commonly transformed into C and, subsequently, 
G-aerogels.  Although the “gel” is no longer apparent in the carbon material, the resulting 








Previously published reports suggest that the internal morphologies of RF 
aerogels can be altered due to the different synthesis schemes. As a result RF aerogels 
75 
 
can be tailored to produce for specific results.  For example, when the molar ratio of 
resorcinol to catalyst (R/C), in the internal structure of the RF aerogel is changed,
169
 i.e. 
 R/C=50   polymeric 
R/C= 200 colloidal 
R/C=300 colloidal 
Carbonization of RF organic aerogels results in porous RF-derived carbon 
aerogels. C-aerogel structures are directly influenced by the initial carbonaceous 
precursor i.e., the presence of aromatic structures in C-aerogels depends heavily on 
aromatic structures in the starting materials.
117,170
  C-aerogels derived from colloidal RF 
organic aerogels have well-defined spherical carbon particles, (12-15 nm in diameter) of 
loosely connected graphitic ribbons, 25 Å wide.  RF polymeric precursor organic 
aerogels have smaller, non-distinct particles (70-90 Å), clustered together to form an 
interconnected porous internal structure.
169,171
  The average surface area values for RF C-




 at elevated temperatures (400-1000 °C). Post 







Shrinkage occurs during pyrolysis due to the loss of mass from the leaving 
groups.  Thus resulting in densities resembling that of the original organic aerogel. 
Therefore RF C-aerogels can be made available as macroscopic, centimeter-sized 
monoliths by adjusting the carbonaceous precursors. Possessing “tunable” three-
dimensional hierarchical morphology of pore sizes in an electrically-conductive 





Good candidates for carbonization should have a carbon bridge between phenyl 
rings.
173





 (PBO) heat and acid
174
 routes [4 a and b]
 
(see 
Section 7 for more in-depth discussion on PBO), polyimides (PIISO)[5],
54,55,56
 





 and polyureas (PUA)[8]
51,52
 by reaction of isocyanates with alcohols or 
amines, respectively, and with the latest organic aerogels from polystyrenes [9].
53
 
Research to identify a desirable environmentally-friendly aerogel, led to the use of 
PAN as a polymeric monomer,
57
 as PAN is the primary industrial source of carbon 
fibers.
175
  Because it is used so frequently, a wealth of information is readily available 
regarding this material.  Additional organic polymeric aerogels considered for C-aerogels 
and, ultimately, graphite (G-aerogels) includes PBO, PIISO, DCPD, and PU.  PAN (two 
schemes), PBO (heat and acid catalyzed), and PIISO polymeric aerogels were 
investigated and compared to RF aerogels as possible precursors for both C- and G- 
aerogels; an in-depth characterization of either DCPD or PU C- and G-aerogels was not 
considered this time.  After SCF drying, DCPD organic aerogels continue to oxidize 
when exposed to air.  Therefore a consistent starting material was not available.  In 
contrast, PU aerogels melt and flow together with the absence of discrete particles, after 
HTT (see Figure 5.1).
176
 
Pyrolytic carbons are either partially graphitizing(hard carbons), which include 
most polymeric aerogels,
116
 or fully graphitizing(soft carbons).
117,177,178,179
 Polymeric 
precursor C-aerogels have two types of disorders; mesoscopic (related to the granularity 
77 
 




Due to their morphology partially graphitized carbons are considered nanoporous 
carbon (NPC).
118
  Currently, NPCs do not have an atomistic model.
118,180
. During 
carbonization, functional groups are discharged, forming gases (e.g. CO2, H2O and 
SH2).
181
  Hydrogen is one of the last components to leave; upon its discharge carbon 
bonds are left dangling, inducing rapid restructuring within the carbon matrix. 
High resolution transmission electron microscopy (HRTEM) images of the 
carbonized organic aerogels display an internal, curved, graphene structures up to 2 nm in 













Figure 5.1 Optical image of PU carbon aerogel showing the lack of discrete particles with 













Structures in amorphous carbon are small graphene units that are typically 6-8 
hexagonal carbon rings across.
74,76,108,183




, those are synonymous with polycyclic aromatic hydrocarbons 
(PAH). The curvature in graphene is generally attributed to the incorporation of non-
hexagonal features, such as pentagons or heptagons (Figure 5.2b).  Pentagons will impart 
either a convex or a concave geometry into the hexagonal graphite sheets, whereas 
heptagons will induce a “saddle-like” geometry.184  C-aerogels not only have a high 
surface area but also a high porosity due to the curved graphene sheets constituting the 
bulk of the material (Figure 5.2a).
118,120,127,185
 
Harris and Tsang’s184 pre-graphitic model indicates these curved graphene 
fragments are the result of fullerene degeneration and are essential building units in 
porous carbons (Figure 4.5).  PAHs (or BSUs) have also been identified as structural 
building blocks for soot particles (see Figure 5.3).
186,187  
Fullerenes, carbon onions, and 
soot particles have been simultaneously generated together, indicative of a common 
formation mechanism.
188
  Graphene particles have also been known to self-assemble into 
a three-lobed structure with a center void.
137
  Self-templating (at high temperatures) has 
been identified in the non-catalytic growth of carbon nanotubes.
180
 Theoretically, 
molecular orientation (MO) occurs when two or more flat PAH units become oriented 
parallel to one another (i.e. dimers and trimmers).
76,108
  Bonijoly et al.
189
 determined that 
MO occurs between 450 - 500 ⁰C, when the heating rate is at 4 ⁰C min-1. 
MO appears suddenly when the BSU units are surrounded by the highest “H” 
concentration, extremum of aromatic CH groups.
189
  The degree of molecular order is a 











Figure 5.2. Curved graphitic regions. a) HRTEM of PAN-EGDMA G-aerogel curved 
internal structure (white arrow) inducing greater surface area and internal micropores 
(black arrow).
186,190
  b) Defect schematics, cyclopentyl defect becomes a nonplanar 
cone(top), heptagonal defect becomes a “saddle” δ′ @ 63° (bottom).191 
 
 
Figure 5.3 Comparison between soot and carbonized organic aerogel:  a) benzene-derived 
soot particle with both amorphous and turbostratic structures
192
 and b) PAN-EGDMA C-









 O, S, and N), the molecular order 
is within the range of 100 Å. This order increases to approximately 100 µ for hydrogen-
rich materials.  Organic aerogels have crosslinking, especially PAN (induced oxidation), 
as the molecular orientation within the carbonized samples is on the order of 100 Å. TEM 
dark field microscopy confirms the aggregation of BSUs into MO, seen as small bright 












Figure 5.4.  Aggregation of BSUs:  a) BF image of PAN-EGDMA C-aerogel and b) same 
area, (002) DF image, bright domains are <2 nm. (DF image from red dot area in inset.) 
5.2 NUCLEATION THEORY 
Nano to micrometer-sized rod-like objects appeared during the pyrolysis of C-
aerogels and other carbonaceous materials (see Figure 5.5). Although these were 
unexpected results, the appearance of CCSs is not new
132,144,145,146,147,151
 but a certain 




growth processes is however lacking.  Most early reports on filamentous carbon are 
actually observations of carbon nanotubes, such as the materials reported by Davis, 
Slawson and Rigby
141






Figure 5.5. Columnar carbon structures embedded in PIISO G-aerogel smaller mattix 
particles, after high temperature treatment @ 2300 ⁰C. 
The formation process of carbon nanoparticles in carbon condensation processes 
is not sufficiently understood.
195
  Thus, an idealized model for the development of CCS, 
known as “Pentagon Disclination Insertion” (PDI) was developed.  PDI draws from 
concepts in graphite geology, carbon nanotubes, graphene,
196
 crystal growth theory, 
interstellar, and soot carbon chemistry.
186
 PDI is more suitable than either the “Pentagon 
Road” or  the “Stone-Wales” theories as the inclusion of pentagon/heptagon pairs is only 
found in a high vacuum systems (which is not the case with this system).
191,196 197
 PDI is 
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the growth of either PAHs or fullerene fragments that are attached to the surface of a 
carbon substrate that grow in such a way as to incorporate pentagons, (see Figure 5.6) 
and heptagons at grain boundaries.  Whereas the growth of the grain is faster than the 
growth of the grain boundary leading to overlapping graphene sheets eventually resulting 




Figure 5.6 Pentagon structure in PAN-EGDMA C-aerogel heated to 2200° C for 24 
hours, above the pentagon are noticeable curved graphene sheets. 
Reports of rod like carbon growth date back to the work done by Iley and Riley, 
1948,
198
(see Section 4.1.2)  The most well-known current reports are on the structures 
observed in micrometer-size pores of glassy carbon of phenolic origin by carbonization at 
2000 °C in a N2 atmosphere and have been proposed to originate from C−H(N2)gas 
trapped in the pores during carbonization.
98
 Similar cone-like structures have also been 
84 
 
produced from finely milled natural graphite, heated with epoxy in the 2100−2500 °C 
range. Under these conditions, carbon is amorphous (reportedly ignites spontaneously in 
air).  The proposed mechanism involves CO-mediated growth on small zirconium 
particles entrained during ball milling.
134,135.
 A report on rod-like objects (similar to those 
observed in C-aerogels) after HTT (2000-2700 °C in Ar) of Japanese cedar is likely due 
to the Si present in the cell walls.
158,159,160
  Carbon rods with a similar shape were also co-
produced with boron nitride during annealing at 1800-2000 °C.
161,199,163
 In each of the 
previously reported situations, either a, catalysis or a nucleation particle was responsible 
for the start of the rod-like carbon.  Bacon’s132 carbon structures were thinner and less 
bulky then the CCSs on G-aerogels.  The “c” axis of the graphite was parallel to the rod 
axis, making Bacon’s rods resemble rolled up paper, as in a scroll. Bacon132 proposed 
that the nucleation of his carbon whiskers resulted from either a fortuitous graphite or a 
soot particle. 
Gillot, Bollmann and Lux
144,145
 described the formation of cigar shaped graphite 
crystals, as layers of graphite arranged in cones with the axis of the cones being 
coincident with that of the cigar.  They proposed that the growth of these graphite crystals 
is a single sheet of graphite coiled around the axis in a helix with each turn having the 
shape of a cone.  Gillot, Bollmann and Lux
144,145
 considered it unlikely that the cigar 
graphite crystals formed from the nucleation of numerous individual parallel and conical 
layers.   
This type of growth is instead, analogous to metal whisker growth around a screw 
dislocation.  These whiskers have been recognized to either grow from the base or at the 
tip out-wards.  Growth mechanisms of the bases include, extrusion (to relieve stresses in 
85 
 
the base material), and as a result of a chemical reaction at a surface.  Tip growth is a 
result of a supersaturated medium surrounding a surface with nucleation sites.
8
 
Helical growth mechanisms were examined more thoroughly by Haanstra, 
Knippenberg, and Verspui
146
 on carbon whiskers and by Double and Hellawell’s144 
carbon nodules in cast iron.  However, the nucleations of the cones and or rods in these 
reports are only casually deduced.  Carbon micro-trees have similar carbon 
morphologies.  They have been described as growing “auto-catalytically through the 
restructuring of newly deposited carbon surfaces” by the formation of graphite 
spherulites during flash chemical vapor deposition (CVD).
200
  The most fascinating 




Although the CCSs (from polymer precursor aerogels) appear to be visually 
similar to those nucleated by catalysis, neither a catalyst nor nucleation particle was 
purposely introduced as an impetus to CCS development.  CCSs observed in the G-
aerogels are carbon on carbon growth, without the aid of an external catalyst or induced 
carbon source and formed quite by accident. A catalyst that remains after either carbon or 
graphite production can poison the product and increase the costs.
181
  Thus, both 
understanding and controlling the growth of carbon/graphite structures is necessary 
worthwhile. 
A review of data published on columnar carbon structures (see Section 4), 
suggests that a number of issues still need to be resolved.  Among these is the inclusion 
of the disclination.  The following discussion will address this issue and provide a 
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plausible explanation for its inclusion through the advancement of a new concept: the 
“Pentagon Disclination Inclusion” model. 
5.2.1 Soot Chemistry.  Generation of combustible  fuels  in  an  oxygen  depleted 
atmosphere occurs when a polymeric substrate is pyrolyzed.
203
  Soot is also formed by 
the pyrolysis of combustible fuels in an oxygen depleted atmosphere.  The formation of 
soot that occurs during this process has been described as the most complex chemical 
system in flames.
204
  The formation has not been sufficiently analyzed due to the large 
number of molecules and particles, having different shapes, sizes, and from a variety of 
feed stocks.
205
  At temperatures below 1700 K, the condensation by-products of gas 
pyrolysis are mainly PAHs.
202 
Most researchers will agree that PAHs (or fullerene fragments) are present at the 
inception of soot particles, akin to the process described above for CCS’s 
nucleation.
206,207
  HRTEM images of soot particles, compared to carbonized polymeric 
precursor aerogels, reveal strikingly similar morphologies
208
 (Figure 5.3).  Thus, the 
nucleation of CCSs are similar to soot formation; being a complex process that has not 
been completely quantified.  
Using soot chemistry, the nucleation of CCSs can be better discerned. Although a 
flame was not present in the current experimental set up, temperatures of >1600 ⁰C, 
equaled those present in flames, where soot has been formed.
202,209
 
Because PAHs have a low vapor pressure, they will absorb onto particulate 
matter. Those PAHs with less than four rings will adsorb onto a surface, whereas PAHs 
with more than 4 rings are typically found moving freely in the environment.
 210
  Initial 
87 
 
CCS particle inception and growth is explained by soot chemistry, and mature CCS 
growth explained by graphene chemistry. 
5.2.2 Cyclopentyl  Inclusion.  The formation of  a  pentagon  (cyclopentyl group) 
plays a role in facilitating the growth of the three dimensional CCSs where the 
Periodicity seems to be controlled by the planar arrangement of two dimensional 
graphene.
211
  When pentagons are introduced into graphene sheets, the once flat material 
becomes puckered (thus the inclusion of pentagons is considered as a defect).  
With one pentagon included in a graphene sheet, the effect is quite large. The 
bond angles for the five surrounding hexagons(corannulene molecule) are bent-up from 
the plane of the pentagon at 26.8⁰.212  Presence of cyclopentyl defects, formed by random 
diffusion of carbon adatoms, happen to lessen entropy loss during the condensation 
process,
213
 or by the movement and/or growth of BSUs into MOs during HTT to lessen 
the overall surface energy.
214,215,216
  Conditions for both the movement and growth of 
MOs are met in the second stage during the carbonization of the organic aerogels (see 
5.3.1 Experimental Section). 
Ozawa et al.
217
 used the TEM to electron bombard (20 min) a commercial carbon 
black material.  The amorphous short range order of the graphene sheets in the carbon 
black particles were transformed into both nano-onions and Archimedean spiral particles 
(see Figure 5.7).  Their proposed scheme for the formation of the nano-onions and spiral 
particles suggests the cleavage of four vincal 5/6 bonds of a C60 molecule.  Then a formal 
back side substitution of a reactive portion of a C240 shell, which generates a 
naphthaldiyne-capped lip as a leaving group.
217
  This is similar to the movement of 
defects described by Yoshizawa et al.,
218
 defects move from the interior of the 
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carbonaceous material to the outer surface.  When the defect surfaces, it leaves a step 













Figure 5.7 Owaza’s proposed formation scheme for both single and multi-shell 
fullerenes.  Hypothetical transformation of C60 to a C240 into a C300 spiroid. Arrows show 
the direction of reaction when the onion-to-spiroid transformation occurs.
217 
Anthony Stone and David Wales, 1986
128
, found that a crystallographic defect can 
occur in graphene by the 90° rotation of two carbon atoms about the middle of the bond, 
causing structural changes in the sp²-bonded carbon systems.  This rotation resulted in 
two pentagons and two heptagons being created from four hexagons. Stone and Wales
128
 
also examined the possibility of C60 isomers by the rearrangement of bonds by a 
pericyclic chemical process, where the concerted shift of sigma bonds give rise to a four 
electron Hückle process state. 
128,220
 This results in various spatial arrangements of 







Figure 5.8. Defect movements through the graphene layers providing step edges on the 
surface: a) defects below surface, b and c) three defects to the surface with rod 
nucleation.  
5.2.3 Adaptations  from  Graphene.   Artyukhov  et al.196  examined  both  the  
atomistic mechanisms and graphene growth.  Instead of the accepted vapor-liquid-solid 
(VLS)
221
 and vapor-solid-solid (VSS)
222
 model for graphene growth, they proposed a 
step-flow crystal growth supplemented by comprehensive first-principle calculations. 
These calculations of the energy levels of the carbon atoms as they migrate from the 
feedstock to catalyst can be computed and mapped. Using density functional theory 
(DFT), they computed edge energies for armchair, A, and zigzag, Z, prismatic edges 
including their self-passivating reconstructions
223
 to reduce dangling bonds. A surprising 
finding, was that a reorganized structure described as an “open-pentagon armchair”, A5’, 
showed a surface energy lower than both the unreconstructed A and reconstructed A5 
edge.  Thus making A5’edge orientation the ground state (see Figure 5.9). Graphene edge 
shape is dominated by the edge energy. When either Z or A fully dominates, the resulting 
shape is hexagonal. When neither dominates, the resulting shape is circular. Based on 
Wulff construction plots,
224
 graphene growth on a sp
2
 Ni substrate results in a smooth, 
rounded shaped due to similarities between the edge energies of Z and A5’. 





 deemed it unlikely that defects (inclusion of pentagons, 
heptagons, and/or dangling bonds) would spontaneously develop within a bulk sp
2
 carbon 
substrate. As each of these defects is higher in energy, and consequently, would be 
suppressed. Artyukhov et al.
196
 described two instances where defects are incorporated 
into a graphene structure: 
 
1) in a vacuum with absence of a substrate; pentagon and heptagon 
formations in bulk graphene are not suppressed, 
 
2) high rates of carbon deposition with excessive chemical potential which 















Figure 5.9. Reorganized graphene structure, A5’.196 
91 
 
Thus, cyclopentyl inclusions in pyrolytic carbon are produced by the growth of graphene 




Average energy calculations for row nucleation of both A and Z, equals the 
binding energy of graphene, although there is a distinct difference between the addition to 
both A and Z edges.  For an addition to a Z edge, a high initial energy barrier (-7.82 eV) 
must be surmounted to nucleate a new row.  Subsequent growth proceeds with a decrease 
in energy (-8.90 eV) for a fifth atom addition.  For an addition to the A edge, the initial 




Growth of a Z edge proceeds in two stages (see Figure 5.10): 
1) nucleation of a new row or terrace and  
 
2) sequential addition of atoms to kink sites at the end of the row. 
This orientation results in both a Z terrace and kink site, which controls the overall 
growth rate.  Although kink propagation proceeds through a small energy barrier, a large 
energy barrier must be overcome for the creation of kinks.  Thus Z edge growth controls 
the overall growth of graphene grains.
196 
5.2.4 Graphene Induced Disclinations.  Initial surface PAHs  are formed  during  
carbonization, in a manner similar to soot formation, with more forming during the 
graphitizing process where more carbon is present in the local environment.
225
  PAHs 
begin to grow quite rapidly as vapor carbon becomes attached, resulting in graphene 





As two growing graphene islands (most likely on the surface) meet, they form a 
twist grain boundary.  Defects, such as pentagons (denoted as a 5 defect,  or a positive 
defect), pentagons-heptagons (5/7 defect), and/or heptagons (7 defect, or a negative 
defect) are incorporated if a tilt/twist exists at the grain boundary (see Figure 5.11).
191,226  
When the concentration of available carbon is high, during grain growth,  grains will 


















Figure 5.10. Z Diagram for sequential addition of atoms to kink sites.  A5’ and Z edges 











Defects are produced by the lack of coincidence of the prismatic edges, Z to A 
configurations. The distance between carbons on a Z edge being less than the distance 
between carbons on an A edge
196,227
  A portion of the Z core must be removed so that 
coincidence between the two edge configurations can occur.
228
.  The physical removal of 
any material is unlikely during this mechanism; pentagons (5) and heptagons (7) are 
introduced, creating a wavy grain boundary (Figure 5.9)
196
 
As temperatures increase, during HTT, more carbon is available in the local 
environments, the lateral growth kinetics of the graphene increases, i. e. larger grains. If 
the grain boundary growth is slower than the grain growth, a “macles generales”229 
phenomenon occurs where one of the grains overlaps the other. A “macles generals”, or 
general twins, is described as the atomic thickness formation of an amorphous contact 
94 
 
grain boundary, inducing possible ledges along one of the grain edges which can then 
overlap the other.
219,230
  When graphene sheets meet under these conditions, one of the 
edges will begin to glide over the other (pinned at either a heptagon or pentagon) to 
reduce the stress induced by a forming grain boundary.  On a macroscopic scale this is 
seen in naturally occurring graphite (Figure 4.10).
137
  This type of disclination differs 
from a Volterra disclination, in which a conical angle is also generated, whereas a 
Volterra disclination has only the displacement angle.
231
 
As overlapping is induced, the upper and lower sheets re-orient to both maintain 
the ABAB graphite stacking and minimize surface free energy.
104,105,106,214
  When 
overlapping results in a positive (5) disclination, the overlap is pinned at a pentagonal 
defect (it is the lowest energy state), growth proceeds in a helical fashion eventually 
becomes a CCS.  If this defect is a negative (7) disclination, a void will form (i. e. the 
lobed structure seen at the base of most of the CCS).
137
  Growth continues in these 
structures because atoms will preferentially attach at an atomic step, on a surface, over an 
atomically flat surface, to produce a repeatable step for continued growth.
148,232
  Step 
edges are known in screw dislocations to grow quickly.
148
  A large number of CCS 
clusters would indicate small grain sizes that contain many grain boundary defects
219,233
  
Edge growth occurs, primarily, in either the [110] or the [010] direction.  This 
archetypally results in tabular platy hexagonal crystals.  Growth does not usually occur in 




PDI is an idealized model describing the growth of PAHs (fullerene fragments) 
that attach to the surface from carbon in the vapor, or are initially present on the surface 
95 
 
of a carbon substrate.  These PAHs grow in such a way, which incorporates Pentagons 
and heptagons at grain boundaries. When the grain grows faster than the grain boundary, 
the graphene sheets become overlapped producing either CCSs or voids. Most C-aerogel 
formulations examined and AC (Table 5.1) produced CCS after being subjected to HTT 
at 2300 ⁰C. CB, PBO-H-HD and PBO-A-LD did not developed CCS during HTT.  
 
 

















































































































DCPD polydicylopentadiene -[C34H62]-  X X 
PU polyurea -[C111H5N15O21]-  X X 
AC activated carbon C   X 





5.2.5 Carbon  Vapor.  The presence of carbon vapor is  evident  on the Grafoil™  
(used as liners, see Section 5.3.1) and is localized where the precursor material is placed.  
Dark areas on the Grafoil™ appear where the Grafoil™ is in contact with the initial 
materials.  SEM images reveal that the Grafoil™ in these areas also contains CCS.  
Where the Grafoil™ that is not in contact with the initial material, is unchanged and 
maintains the same morphology as preheated Grafoil™ (see Figure 5.12). 
5.3 EXPERIMENTAL 
5.3.1 Formulation.  All  commercial chemicals and solvents utilized in this study  




Figure 5.12. Grafoil™:  a) after HTT with particulate AC, b) before HTT single sheet 
morphology, c) before HTT, multiple sheet morphology, d and e) after HTT, with no 
material contact. 












 following a generic organic aerogel formation 




schematic (see Figure 5.13). Polyurea (PU) organic aerogels were formulated according 















Figure 5.13. Basic schematic for the preparation of C- and G-aerogels. 
All organic samples were formulated exactly as the respective references, with the 
exception of RF organic aerogels.  For this report, the RF formulation was changed with 
regard to the proportion of resorcinol and formaldehyde to acetonitrile (3:3:1). For more 
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Specific information on the actual synthesis of the each organic aerogel see references 
cited. 
5.3.2 Pyrolysis   Treatment.   The  thermo-stabilization   of   PAN-EGDMA  and  
PAN-HDDA organic aerogels, prior to pyrolysis, is necessary in order to cross-link the 
PAN chains and to prepare a structure that can withstand HTT, eq. 27. Modulated 
differential scanning calorimetry (MDSC), in air, displays a sharp exotherm above 250 
°C, that is associated with eq. 27:
57 
 
     (27) 
 
PAN-EGDMA and PAN-HDDA aerogel monoliths were initially aromatized by 
heating in air at 240 °C for 36 h to prevent disintegration during carbonization. These and 
all other organic aerogel samples were heated in an MTI GSL1600X-80 tube furnace 
under flowing Ar (70 mL min-1).The temperature of the tube furnace was first raised 
from ambient to 300 ˚C within 2 h. It was maintained at that level for 1 h, and 
subsequently it was raised further to 800 ˚C within 2 h and maintained at that level for 3 
h. Once complete, the power to the tube furnace was disconnected, slow cooling, back to 
room temperature (approximately 3 h) producing monolithic carbon aerogels.  
5.3.3 Instrumentation.  C-aerogel monoliths, produced at 800 ˚C, were placed in  
a hot-zone graphite furnace (Thermal Technologies Inc., Model: 1000-3060-FP20) in a 
Grafoil™ bottom lined, open graphite crucible, under a constant, moderate, flow of 
helium (4 cm
3
/min). The temperature was ramped from RT to 400 ˚C (40 ˚C min-1), then 
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ramped to 2300 ˚C (10 ˚C min-1). Samples were kept at that temperature for a period of 
24-36 h. When the designated time had been reached, the furnace was allowed to cool to 
RT at its normal rate (overnight). Particulate carbon black (Cabot Black Pearls 120), and 
activated carbon (Sigma-Aldrich #161551), were used as references for “amorphous” 
carbons. These standards were treated only at 2300 ⁰C for 36 h in the as received state. 
Monolithic samples were separated from one another by means of Grafoil™ separators 
that were cut to allow multiple samples for each furnace run.  Powder samples were 
placed in Grafoil™ boats constructed from Grafoil™ pieces.  These were also separated 
with Grafoil™ dividers in the graphite crucible (see Figure 5.14). 
Bulk densities (ρb) were calculated from both the weight and the physical 
dimensions of each sample. Skeletal densities (ρs) were determined with He pycnometery 
using a Micromeritics AccuPyc II 1340 instrument. Porosities (Π), calculated as a 
percentage of empty space, were determined from the ρb and ρs values via Π 
=100*[(1/ρb)-(1/ρs)]/(1/ρb). Surface areas (σ) were measured by N2-sorption porosimetry 
using a Micromeritics ASAP 2020 Surface Area and Pore Distribution Analyzer. Samples 
for surface area and skeletal density determinations were out-gassed for 24 h at80 °C, 
under vacuum, before analysis.  Light microscopy was used as a screening tool for further 
microscopic analysis by a Hirox KH 3000 digital microscope. 
Scanning electron microscopy (SEM) used conventional sample preparation for 
the granulated samples and large broken surfaces of the C- and G-aerogel monoliths.  
SEM examinations were conducted with a Hitachi S-4700 field emission and FEI Helios 
600 dual beam focused ion beam (FIB) field emission microscope. FIB cross-sections 




Figure 5.14. Schematic of samples in graphite crucible with Grafoil™ dividers. 
prepared with a Ga
+
 ion beam.  TEM was conducted with a FEI Tecnai F20 instrument 
that employed a Schotky field emission filament operating at a 200 kV accelerating 
voltage.  Both C- and G-aerogel general morphology samples were slightly ground by 
hand in a mortar with a pestle and placed in 5 mL glass vials.  Isopropanol (3 mL) was 
added, and the vials were ultrasonicated for 20 min to disperse the small particles in the 
liquid. After removing the vials from the ultrasonic bath, and just before particle settling 
was complete, a single drop was placed on a 200 mesh copper grid bearing a lacey 
Formvar/carbon film.  Each grid was allowed to air-dry before it was examined 
microscopically. CCS bearing samples were dusted onto a 200 mesh copper grid bearing 
this same film, so that whole rods could be transferred.  Some particle sizes were too 
small for an effective standard area diffraction pattern. Thus a double tilt holder was 
employed for these smaller sizes. At least 6 different areas/particles were examined on 
each sample to ensure the results were uniform across the entire sample.  Care was taken 
to minimize exposure to the electron beam so that specimen damage could be avoided. 
Identification of graphite phases was accomplished with ImageJ, PCI Quartz, and 
Photoshop software by measuring the distance between the lattice fringes. X-ray 
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diffraction (XRD) was performed on ground powders of the corresponding materials 
using a PANalytical X’Pert Pro diffractometer with Cu Kα radiation and a proportional 
counter detector equipped with a flat graphite monochromator.  
Small angle X-ray scattering (SAXS) was conducted on the PANalytical X’Pert 
Pro with a SAXS attachment. The SAXS data was reported in the absolute units of 
differential cross-section per unit volume (cm
-1
) as a function of q, the momentum 
transferred during a scattering event. In all cases, data was reduced by the Irena macro
234
 
for the Igor Wavemetrics Unified Fit module. All data was corrected for both empty cell 
and background scattering. Raman spectroscopy of carbon was conducted with a Jobin-
Yvon micro-Raman spectrometer that employed a 632.8 nm He–Ne and Diode laser as 
the excitation sources. Graphite, for reference with XRD and Raman, was obtained from 
Sigma-Aldrich.  
Elemental analysis (CHN) was conducted with a Perkin Elmer Model 2400 CHN 
Elemental Analyzer calibrated with acetanilide purchased from the National Bureau of 
Standards.  Elemental microanalysis was also conducted in the SEMs and TEM with 
EDAX Genesis (Hitachi-S4700) and Oxford Inca (Helios, Tecnai F20), calibrated with 
copper Kα line. Photoelectron Spectrometry (XPS) was conducted on a KRATOS AXIS 
165 utilizing a monochromated aluminum X-ray with a detection limit of 10-80 Å. The 
samples surface was analyzed as is, argon etched to 100 nm, and then analyzed again. 
5.4 RESULTS AND DISCUSSION 
5.4.1 Carbon/Graphite  Aerogels.  PIISO,  RF,  and  PBO organic aerogels were 
initially treated to 800 °C (see Section 5.3), with the exception of PAN-EGDMA and 
PAN-HDDA aerogels 
57
 to produce carbonized, organic derived C-aerogels.  Once they 
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had been heated to 800 °C, the C-aerogels were further heat treated to 2300 °C to obtain 
G-aerogels.  The appearances of the final G-aerogel samples are listed in Table 5.2. With 
the exception of the PBO-H-LD G-aerogel, all samples were hard. A hammer was often 
needed to break them. 
 
 
Table 5.2. G-aerogel appearances (*medium hardness, could be broken by hand, ** only 







by ease of breakage 
with minimal force) 
Sheen 











Black Hard Dull 












Black Medium Glassy 
  
 
5.4.2 G-Aerogel SEM Imaging.  Upon  initial inspection, all  C- and  G- aerogels 
appeared to consist of an open porous structure with a large interconnected network of 
pores.  The surfaces appeared smooth, comprised of the fusion of smaller particles. 
Morphologies are different on the micrometer scale for the C- and G-aerogels.  
103 
 
RF C-aerogels contained small spherical particles within the 3-7 nm range.  These 
particles were clustered into larger secondary particles with in the 17-40 nm range.  
Several additional areas also appeared to have an amorphous morphology (see Figure 
5.15). 
After HTT was completed, the RF G-aerogel’s primary particle size decreased by 
30% to 5.3 nm, although the secondary particle clusters, however, did not change in size.  
The amorphous material present in the RF C-aerogel was not observed in the RF G- 
aerogel.  Void space (in the RF derived carbonize sample) between the secondary particle 
clusters was measured at 5 to 100 nm.  (Measurements made from SEM images afford a 
general way to describe the spatial arrangement of the particles and do not discriminate 




Figure 5.15. SEM RF carbon and graphite aerogel: a) C-aerogel and b) G-aerogel. 
PBO-H-LD G-aerogels possess smooth, sub-angular particles within the 33-62 nm 




appeared fused together (Figure 5.16).  Voids between the larger fused particles were 




Figure 5.16. SEM PBO-H-LD G-aerogel: a) particles with macro pores b) high 
magnification of matrix particles. 
The PAN-EGDMA and the PAN-HDDA G-aerogels displayed very similar 
particles, between 100-550 nm. Both the PAN-EGDMA and PAN-HDDA samples 
appear to have fused spherical particles with a “wrinkled” surface (see Figure 5.17 and 
5.18, respectively).  Broken parts of the structure revealed a flakey morphology similar 
pitch (a soft carbon), indicating the possibility of PAN-EGDMA and PAN-HDDA 
eventually transforming into all graphite.
235
  It is from this morphology that the larger 
particles were deemed to be secondary particles with dense, compact, flaky, primary 
particles. 
PAN-EGDMA and PAN-HDDA average radius of primary particles was 188 nm 
and 182 nm, respectively.
57
  The coarse size particles in each were attributed to an 
annealing phenomenon at HTT.
76




EGDMA G-aerogel were 32 nm to 2.20 μ, closely resembling that of PAN-HDDA G-




Figure 5.17. SEM PAN-EGDMA G-aerogel:  with both an unbroken (top right image) 
and a broken surface (bottom right image). 
Particles in the PIISO G-aerogel did not appear to be spherical but, instead, fibrous (see 
Figure 5.19).  These fibrous particles were 50- 150 nm in length with an average diameter 
of 20 nm. The smallest diameter measured at >5 nm and the largest was measured at 30 
nm. The size of the fibrous particles was not congruent from top to bottom.  Thus, all 
measurements were taken near the middle.  It is uncertain why this G-aerogel contained 
fibers; the parent organic aerogel also had a fibrous morphology. The fibrous particles 
also contained larger, rounded, spherical masses (~ 2 μ). Void distances between the 
fibrous particles were within the 10-125 nm size. (These voids were measured with 
respect to the largest distance if the shape was not round). The surface of the fibrous 
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particles appeared have round bumps (between 5-12 nm in diameter).The fibrous 
particles were thought to be agglomerations of the primary particles. 
SEM images reveal a first approximation of the G-aerogel’s morphology.  The RF 
aerogel contained the smallest apparent particles, with particle sizes trending larger (from 




Figure 5.18. SEM PAN-HDDA G-aerogel: a) low magnification of particles as well as 
spatial arrangement of particles, b) particles, and c) broken particle. 
 
Figure 5.19. SEM of PIISO G-aerogel: a) low magnification and b) high magnification, 
particles are with fibrous with round in shaped particles included. 




overall void distance between clusters of particles, with a span of 95 and 115 nm, 
respectively.  The PAN-EGDMA and PAN-HDDA samples had the largest span of void 
distances at 1.5 and 2.2 μ, respectively.  The PBO void distance was between the two 
extremes, 540 nm.  With respect to particle size and void distance, the RF G-aerogels 
contained smaller, more tightly packed, particles than did the other G-aerogels examined 
5.4.3 G-Aerogel  TEM.   The  amorphous  carbon  appeared  as  short,  randomly 
placed carbon fragments (Figure 5.3).
219
  HRTEM revealed areas within the C- aerogels 
that have a short range order.  Here the graphene units were squatty and the (002) lattice 
fringes appear wavy, with regular spacing over several repeat distances, among the 
amorphous structure.  Graphene layers with this type of organization are known as 
















Figure 5.20. Schematic representation of graphene grains in wrinkled carbon, reprinted 




MOs that were present in the C-aerogels were comprised of small units, from 10-
15 rings, across,
57
 occasionally stacked two to three layers thick (see Figure 5.21). 
Ascertaining the degree of amorphous carbon from the HRTEM images is difficult as the 




Figure 5.21. HRTEM PAN HDDA C-aerogel with bi and tri stacked graphene. 
done to provide a semi-quantitative digital analysis of the (002) lattice fringe images of 
soot.
238









As a result the inside domains, once regarded as highly disordered in C-aerogels 
(Figure 5.2a) now appears to have order.  After treatment at 2300 ⁰C, the disordered 
layers suddenly de-wrinkled and a three dimensional carbon network of stacked graphitic 
sheets with intertwined ribbons developed.
123
  Several of these sheets had a perfect 
graphite habit (see Figure 5.22).
76
   
The parallel alignment of defined graphene sheets becomes altered as the 
pyrolysis temperature increases. This transformation resulted from the sudden removal of 
defects between adjacent MOs
218











Figure 5.22. TEM successive magnifications of PAN-EGDMA C-aerogel: a) small 
particles in a “string of pearls” structure, b) particles are not discreet particles but have 
overlapping surfaces, and c) short and either bi- or tri- layers are present, (black arrows).  
The FFT inset shows diffuse rings. 
HRTEM (of G aerogels) exhibited a series of both long and short lines. These 
lines are a direct visualization of graphene that correspond to the (002) basal plane’s 
a c b 
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prismatic edges. G-aerogels displayed a long range order as these lines were long and 
stacked (up to 50 layers thick with regularly spaced stacking). This order indicates that 
graphene units were wider and longer than those in the C-aerogels.  Both types of 
morphology (short and long range order) were visible in the G-aerogels, whereas only the 
short range order was observed in the C-aerogels. The G-aerogels also displayed 
interstitial (002) spirals
217
 within the mix of  both amorphous and short range carbon (see 
Figure 5.23). Additional defects recognized in the G-aerogel’s graphitic structure 
included twist boundaries, half Frank Loops, kinks, and bends (see Figure 5.24).  These 



















Figure 5.24. Defects in PAN-EGDMA G-aerogel. 
The HRTEM micrographs in Figure 5.25 clearly indicate that PAN-EGDMA G- 
rings graphite crystals within an amorphous and nano-crystalline matrix (as indicated by 
the diffuse ring patterns).  Electron diffraction patterns of turbostratic carbon consist of 
aerogels have a two-scale organization. At low magnification (Figure 5.25a), the texture 
of these G-aerogels appears to be comprised of both connected spheroid-like particles in 
a ‘‘string-of-pearls’’ structure and irregularly shaped agglomerations. 
Higher magnifications (Figure 5.25b) display a strong interconnection of particles 
that form nodes with both rounded and irregular contours that generate well-opened 
accessible mesopores.  HRTEM images reveal that these particles are not solid.  These 




At the same time, the graphene layers are organized within the particles.  The 
higher magnification (Figure 5.25c) reveals that the graphene layers are long and either 
single or stacked (up to 10 layers).  These layers, with a turbostratic organization, 
generate   both  micropores   (<2 nm)  and  ultramicropores  (<0.4 nm).
241








Figure 5.25. TEM successive magnifications of PAN-EGDMA G-aerogel: a) low 
magnification with two structures present: large particles, spherical particles and an 
agglomeration of smaller particles, b) higher magnification of the agglomeration 
revealing graphitic ribbons in the smaller particles, and c) higher magnification of the 
larger spherical particles.  The FFT inset shows both discreet 002 spots and diffuse rings. 
Figure5.23c illustrates the weak graphitic nature of PAN-EGDMA G-aerogels.  Spotty 
diffuse 100 and 111 bands as observed in all C-aerogels (Figure 5.21c inset).
96 
In HRTEM images of PIISO G-aerogels, the graphene layers are longer forming 
well-defined pore walls (see Figure 5.26). These walls are formed by a limited number of 
layers, from 2 to less than 50 (as indicated by the black arrows in Figure 5.26c). 
Typically, the graphitic regime of the carbon resides at the surface, and the percentage of 
graphite layering results in a depth of graphitization that is relative to the particle’s 
size.
218
   G-aerogels  with  larger particles (e.g., PAN-EGDMA and PAN-HDDA) display 















Figure 5.26. TEM of PIISO G-aerogel: a) low magnification inter-particle pores (gray 
arrows), b) intra particle pores (white arrows), and c) HRTEM of texture with pore walls 
(black arrows). 
thicker graphene layering than do the G-aerogels with smaller particles.  This ordered,  
graphitic, carbon layering is responsible for the significant increase in conductivity (as 
reported for PAN-EGDMA and PAN-HDDA G-aerogels).
57 
All of the HRTEM images of G-aerogels examined show mesoporosity (Table 
5.2).  Mesopores in PIISO tend to be long, narrow, irregularly, twisting shapes.  In 
contrast, the mesoporosity in the PAN-HDDA, PAN-EGDMA, RF and PBO samples 
exhibited more rounded pores (Figure 5.27). Measured (from HRTEM images), an 
average cross-sections of the pores were between 22 nm
2 
(in the RF) and less than 500 
nm
2
 (in the PAN-EGDMA G-aerogel, Table 5.3).  Mean intra-pore sizes (measured from 
HRTEM images) were between 2.0 nm (in the PAN-EGDMA G-aerogel) to ~ 5 nm (in  
the PAN-HDDA, PBO, RF, and PIISO). Mesoporosity in the G-aerogels was bimodal; 
the larger mesopores were from inter-particle voids, and the smaller mesopores were 
from intra-particle voids (Table 5.3).  Particle  size  measurements  of  the  RF C-aerogels  
 




Figure 5.27. HRTEM images of G-aerogels with intra-particle micropore geometry: a) 
PIISO with long, narrow, intra-pores and b) PBO-H-LD with more rounded intra-pores. 
(taken from HRTEM images) were difficult; the images examined contained no 
discernible particles (see Figure 5.28). 
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Outer contours (of the particles) can be distinguished, though their outer surfaces 






(Figure5.28b).  Distinct particles are impossible to discern at an even higher 
magnification (Figure 5.28c).  As can be seen in Figure 5.28c the internal structure is 









Figure 5.28. TEM images of RF C-aerogel: a) a low magnification. Small particles are 
difficult to discern. b) Strings of quasi particles with a densely packed internal structure. 
Inter-pore voids are visible. c) High magnification of the densely packed morphology 
illustrated in image b.  Very small intra-pores can be seen in some of the internal 
morphology. 
Particle sizes measured from HRTEM images for RF C-aerogel averaged 12.0 
nm.  This size is directly related to the dense internal morphology.  The measured d-
spacing was 3.90 ±0.22 Å. The diffraction pattern was very diffuse, signifying that the 
material was primarily amorphous; with very little crystal structure was present. An 
HRTEM image of RF G-aerogel revealed a morphology very different from either the RF 
C-aerogel or any of the other G-aerogels examined.  Its nanostructure consisted of 
particles in the 8.5 nm range; with thin carbon shells (between 2-15 layers thick).  These 
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particles appeared to be closed shell particles with intra-pore diameters between 4.5 and 
6.1 nm (Figure 5.28).  Measured d-spacing for the RF G-aerogel was 3.54±0.35 nm. 
5.4.4 Surface  Area  Measurements.  Both  the  particle  and  the  pore  size  of a  
material can be crudely measured in SEM and TEM images respectively (because of the 
lack of perspective).  Both BET and density analysis provide information on the surface 
area, the porosity, and the particle size (see Table 5.4). In this study, the G-aerogels’ 
skeletal densities decreased as the particle size increased, this finding is in line with 
diminishing porosity. A simple comparison between skeletal densities for G-aerogel 
samples, in conjunction with BET measurements, provides a means of assessing not only 
the relative levels of surface microporosity but also the internal closed porosity.  
IUPAC’s designation of porosity is, voids >50 nm is considered macroporus, voids 
between 2-50 nm is mesoporous, with voids < 2 nm denoted as microporous.
242
 
Both C- and G-aerogels produce isotherms that embody both IV and II isotherms, 
with distinct hysteresis loops of either H1 or H2 type.
243
  Figures 5.29 and 5.30 reveal the 
microstructures and N2-sorption isotherms of PBO and RF C-aerogels as well as the 
microstructures and the N2-sorption isotherms of PAN-EGDMA and RF G-aerogels, 
respectively
 
(see Appendix C for more N2 C- and G-aerogel sorption isotherms).  The 
hysteresis loops for the C- and G-aerogels are between 0.50 and 1.0 relative pressure 
(P/Po).  This is a classic feature of the type IV isotherm where capillary condensation is 
taking place in mesopores (see Figures 5.28 b and 5.29b).  In contrast the type II isotherm 
is obtained from macroporus materials at P/Po greater than 0.9, with nano-sized particles, 
without restricted pores.
244,245
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particle radius, r(nm) 
BET
f
 TEM SAXS 
PBO-800 17 0.080 1.665 ± 0.055 95.2 61.35 19.29 [776] 29.4  25.0 



















8.7 0.64 1.646±0.022 61 10 14 [382] 182  41.81
g
 
PIISO-800 62 0.98 1.729±0.021 44 361 [5] 4.8   
PIISO-2300 86 1.14 1.369±0.014 16.7 13.04 42.93 168  14.5
g
 
RF-800 44.8 0.59 1.920± 0.005 69.3 648 86 2.41 12 5.69 










 151 3.09  7.72 
CB-AR n/a (1.85-2.02)
240
 1.937±0.0120  31 (9-900)
240
 347 50  20.71 
aAverage of ten samples. bShrinkage = 100 × (mold diameter ─ sample diameter)/(mold diameter). cSingle sample, average of 50 measurements. dBy the 4 VTotal/σ method. For the first number, VTotal 
was calculated by the single-point desorption method; for the number in brackets VTotal was calculated via VTotal = (1/ρb) -(1/ρs).
 eBy Hg intrusion from the log(differential intrusion) versus pore 
diameter plot, The first numbers represent the average pore diameter.  The number in brackets represents the  median pore diameter. fCalculated via r = 3/ρs σ. 
g level 2 from SAXS analysis .PAN-
EGDMA and PAN-HDDA
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Figure 5.29. C-aerogels, PBO and RF, N2 sorption isotherms with corresponding SEM 
images:  a) type II isotherm with an H1 loop, b) type IV isotherm with an H2 loop, c) the 
broken surface of PBO C-aerogel, and d) the broken surface of RF C-aerogel.  
The type H1 loop, nearly vertical and parallel adsorption and desorption branches, 
is an indication of regular, even, non-interconnecting pores.  In contrast the H2 loop has a 
sloping adsorption branch and nearly vertical desorption branch with irregularly shaped 
interconnecting pores (Figures 5.29a and 5.30a).
243, 246
  
Bulk densities (ρb) for both C- and G-aerogels are significantly lower than the 
corresponding skeletal densities (ρs, 0.08-0.98 g cm
−3
 and 0.98-1.20 g cm
−3
 respectively, 
Table 5.4).  PIISO has the highest C-aerogel (ρb) at 0.98 g cm
−3
, PBO-H-LD C- aerogel 
has the lowest at 0.08 g cm
−3





      =adsorption,    = desorption 
 
Figure 5.30. G-aerogels, PAN-EGDMA and RF, N2 sorption isotherms with 
corresponding SEM images:  a) type II isotherm with H2 loop, b) type IV isotherm with 
H2 loop, c) PAN-EGDMA G-aerogel broken surface, and d) RF G-aerogel with broken 
surface. 
H-LD G-aerogel (at 0.098 g cm
−3
) and the highest, RF G-aerogel (at 1.92 g cm
−3
).  
Porosities (Π) were calculated from ρb and ρs values (see Section 5).  They fall with-in 
the 44-95.2% v/v for C-aerogels and the 54-92.4% v/v range for G-aerogels (Table 5.4). 
Skeletal densities (ρs) were between 1.72 g cm
-3
 and 1.92 g cm
-3
 for C-aerogels 
thus overlapping the range of amorphous carbon (1.8-2.0 g cm-3).
57
  The ρs for G-




 between 1.31 g cm
-3
 
and 1.65 g cm
-3




 These lower ρs 







Particle radius calculations taken from ρs values and BET surface area values 
indicate the smallest particle sizes in a material. These small particles are the building 
blocks of the C- and G-aerogel (primary particles). These particles, as observed in TEM 
images, can be assumed to be spheroids. The only the exception here was the PIISO 
aerogel samples.  These particles appeared to be more fibrous than spheroidal.  Particle 
radii for the C-aerogels were between 2.41 nm (RF) and 43.2 nm (PAN-EGDMA), with 
G-aerogels, between 6.18 nm (RF) and 188 nm (PAN-EGDMA).  The largest increase in 
particle size (163 nm) was identified in the PIISO sample.  The smallest increase from C-
aerogel to the G-aerogel (3.77 nm) was identified in the RF sample. Large changes in 
particle size can be related to the extent of crosslinking in the original organic aerogel; 
more crosslinking will result in smaller particle sizes, as the degree of freedom necessary 
for graphite growth is less. Their bumpy texture does not indicate a finer structure 
(smaller particles) but, instead, suggests surface fractality.  This can also be indicated by 
the slopes of the SAXS curves in the high q region, (see Section 5.4.5) 
Most importantly, SEM images revealed that the both the C- and G-aerogels have 
a macroporus structure.  Indeed, the N2-sorption isotherms for PIISO, PAN-EGDMA, 
and PAN-HDDA G-aerogels rise above P/Po = 0.95 (type IV), do not reach saturation; 
and show narrow hysteresis loops (H1 loops). Both the rise and hysteresis loops are 
consistent with macroporus materials with some mesoporosity, as seen in HRTEM. In 
contrast, both RF and PBO G-aerogels’ N2-sorption isotherms begin to rise at P/Po = 
0.75, type IV.  They plateaued out with a larger hysteresis loop (H2), consistent with 
mesoporosity. Average pore diameters calculated with the 4VTotal/σ method, where VTotal 
was calculated via VTotal = (1/ρb)-(1/ρs), were greater than 25 times larger than the pore 
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diameters calculated with VTotal (taken from the highest point in the isotherm for both C- 
and G-aerogels; Table 5.4). A large discrepancy in these diameters indicates that most of 
the porosity is attributed to macropores, as observed in SEM images. This is particularly 
the case with all G-aerogel samples (Table 5.4). There is generally a better agreement in 
the average pore diameters calculated by the two methods for the C-aerogels (with the 
exception of PBO-H-LD), suggesting the presence of a significant amount of mesopores 
(Table 5.4). Mesopores (presumably formed by the narrow space between the large 
skeletal nanoparticles) are actually present in all samples. Judging from the shape of the 
BJH plots (insets in Figure 5.29 and 5.30), their size distribution is broad and in some 
cases multimodal, especially in the RF G-aerogel (Appendix C, Figure 3b).  The collected 
data, together, confirms that PBO-H-LD, PAN-EGDMA, PAN-HDDA, and PIISO G-
aerogels are primarily macroporus materials.  The similar skeletal and porous structures 
of the PAN-EGDMA and PAN-HDDA samples indicate that the parent monomer plays 
an important part in the graphitic structure, irrespective a of crosslinker.
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All C-aerogels exhibited both smaller particles sizes and higher surface areas than 
did the same material after graphitization.  Correspondingly, the lower surface areas 




) were the result of larger particles (12-376 




) and contained 
smaller particles (5-86 nm; Table 5.4). In all cases, when large, the primary particles 
formed large pores (macropores).  Most G-aerogel samples had a surface area lower than 
that for the RF G-aerogel.  They did however; maintain densities that were lower than 
both the RF C-and G-aerogels, indicating higher porosity. When the C-aerogels were 
subjected to HTT the MO domains increased in size.  This growth reduced, to a large 
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extent, the concentration of Ac thereby coalescing micropores into meso and macropores, 
thus decreasing over all surface area.
250
 
5.4.5 Degree  of  Graphitization.  The degree of  graphitization has been defined  
by Franklin
117
 as the percentage of graphite present in a material.  Franklin’s177 
description, however, referred only to 2-dimensional structures. HRTEM images taken of 
C-and G-aerogels indicate that each contained 3-dimensional structures.  Thus, the 
following factors were used to adequately determine the degree of graphitization in the 
C– and G-aerogels;  
 the percent graphite present (by peak fitting and interlayer spacing),  
 the degree of amorphous carbon (by percentages of both BSU and MO present), 
 the average crystallite size in the G-aerogels.  (The graphitability of a carbon 
depends on the extent of the MO occurring during carbonization.
96,251
) 
Figure 5.31 reveals weakly resolved powder XRD patterns for PAN-EGDMA, 
PAN-HDDA, PIISO, PBO, and RF C-aerogels.  (The XRD patterns were shifted for 
clarity.)  A broad, asymmetrical (002) peak, typical of amorphous carbons (Ac), occurred 
after carbonization that is indicative of a high degree of disorder among the graphene 
layers (Figure 5.31).  Broad (002) peaks also indicate the presence of nano-crystallinity. 
When the (002) peak is broad there can also be contributions from the turbostratic (Tc) 
and graphitic (Gc) carbons well as that of Ac.
252 
Visual examination of the XRD patterns not only does not indicate the crystalline 
morphology, it does not denote the types of carbon that make up the XRD pattern.  A 
semi-quantitative method to determine the degree of graphitization is to resolve the 











Figure 5.31. Aerogel XRD spectra: a) C-aerogels and b) G-aerogels (with carbon black at 
2300 ºC). (PE=PAN-EGDMA, PH=PAN=HDDA, PBO=PBO-H-LD). 
of Ac increased the hexagonal graphite’s (002) XRD peak of became a broad hump rather 
than a sharp peak (~ 24.00 2θ).  As the carbon became more ordered (Tc) the (002) XRD 
peak became more narrow, moving towards the right (~ 25.00 2θ).  When the material 
was graphitic, the (002) XRD was a sharp narrow peak (at ~26.228 2θ, depending on the 
instrument conditions).  If a mixture of all three types of carbon was present, the shape of 
the peak was broad at the base and narrow at the apex (~26 2 θ).  Contributions of each 
carbon type can be determined by peak fitting (Figure 5.32, Table 5.5). 
All XRD (002) C- and G-aerogel peaks were fitted with Lorentzian functions for 
Ac, Tc, and Gc, peaks at 24.25, 25.45, and 26.228, respectively (Figure 5.32b).  
Variations in the Ac, Tc, and Gc peak positions resulted from both instrument 
uncertainties and the size of the graphitic units respective to each type.  In the C-aerogels, 
PIISO and RF, the  XRD (002) peaks were difficult to fit.  Their XRD (002) peaks 












Figure 5.32. G-aerogel 002 XRD  peaks: a) representation of the empirical parameter (R) 
used to estimate the percent of single graphene layers present and b) peak fits for the Ac, 
Tc, and Gc contributions to the (002) peak, in both C- and G-aerogels. (PBO=PBO-H-
LD). 
Table 5.5. Percentage of Ac (amorphous), Tc (turbostratic), and Gc (graphite) in both C- 
and G- aerogels. 
 
sample Ac % Tc % Gc % 
PBO 800 82.8 8.83 8.41 
PBO 2300 46.5 13.9 39.6 
PAN-EGDMA 800 100 0 0 
PAN-EGDMA 2300 58.9 4.60 36.5 
PAN-HDDA 800 100 0 0 
PAN-HDDA 2300 48.3 28.3 23.4 
PIISO 800 100 0 0 
PIISO 2300 57.8 1.70 40.5 
RF 800 99.8 0 0.15 




(002) peaks also did not offer any indication that either Tc or Gc were present.  Only 
PBO-H-LD C-aerogel displayed any concentrations of Tc and Gc (approximately 8% of 
each). 
For each of the C- and G-aerogels, the empirical parameter “R” was calculated to 
determine the concentration of single layered graphene present in a carbon material (see 
Table 5.6).    This   calculation   is   a  simplistic   approach   to   access   trends   towards 
graphitization  The R parameter has been used previously to determine the percentage of 




Here R is determined by drawing a line tangent to the linear background at 










When R=1, no apparent (002) peak is present in the XRD patterns, and the material is 
considered completely amorphous.  As R increases, the percent of the layered carbons 
increases such that, when R=2, approximately 30% of the carbon is present as single layer 
graphene sheets; 70% are multiple layers.
253
  The information in Table 5.6 suggests that 
all C-aerogels are ≥ 30% single layer graphene arranged with short order.  A large 
concentration of single layer graphene sheets with a high degree of disorder indicates that 




Table 5.6. Empirical R values for C- and G-aerogels. 
 
sample R 
PBO 800 1.8 
PBO2300 21.6 
PAN-EGDMA 1600 2.15 
PAN-EGDMA 2300 20.5 
PAN-EGDMA 1600 2.18 
PAN-HDDA2300 14.8 
PIISO 800 1.39 
PIISO 2300 12 
RF 800 1.57 
RF 2300 6.35 
 
 
All of the G-aerogels treated at a higher temperature gave sharp crystalline peaks 
at 2θ~26o and 42.2o 2θ corresponding to (002) and (101) diffractions of hexagonal 











Figure 5.33. PBO-H-LD C-aerogel comprised of short single-layer graphene sheets. 
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(Figure5.34).  As the 2θ values increased the degree of graphitization increased as well: 
the concentration of Ac decreased. Both Tc and Gc percentages increased from the C-
aerogel to the corresponding G-aerogel (Table 5.5).The base of PBO-H-LD G-aerogel 
was asymmetrical, with a hump on the lower 2θ side.  This peak quickly becomes 
Gaussian in shape as the 2θ increased.  This changein shape indicates that significant 
portions of Ac and Gc (with smaller portions of Tc) are present in PBO-H-LD G-aerogels 
(see Figure 5.34). After peak fitting, the Gc (2θ for PBO-H-LD G-aerogel) was 26.34⁰. 
Data indicate that the RF G-aerogel either contained the highest Ac concentration 
or was highly nano-crystalline.  Similar to PIISO, RF G-aerogel displayed a more narrow 
peak atop a broad base.  The RF G-aerogel’s peak, is not centered but instead, was 












Figure 5.34. PAN-HDDA XRD peaks: (C-aerogel (blue line) and G-aerogel, (red line)). 
HTT induces an increase in graphitization, as indicated by sharper more narrow 2θ peaks. 
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and PAN-HDDA G-aerogels are similar at the base, indicating that a substantial 
concentration of Ac is present.  The PAN-EGDMA G-aerogel has a double apex. The 
larger apex (at 25.95⁰ 2θ) indicates considerable contributions from both Tc and Gc.  The 
PAN-HDDA G-aerogel has a single peak (25.25⁰ 2θ) over a broad base, indicating both 
that the Ac concentration is significant and that the Tc and Gc concentrations are close to 
the same value.  This finding has been confirmed by the peak fitting (see Table 5.6) with 
percentages of Ac, Tc and Gc (Figure 5.32). 
PIISO and RF G-aerogel (002) XRD peak profiles have broad bases with sizeable 
Ac concentrations (Figure 5.28).  PIISO G-aerogel’s (002) peak is a narrow, well defined, 
centered peak (at 25.98⁰ 2θ), positioned atop a broad base.  The appearance of this peak 
signifies the presence of not only a large concentration of both Ac and Gc but also a 
small concentration of Tc (Table 5.6). RF G-aerogel had the broadest base (20⁰-30⁰ 2θ).  
This this peak is not centered but towards a higher 2θ (at 25.79⁰).  This indicates more Tc 
is present than Gc.  Based on this peak fitting, the following empirical range of 2θ.values 
can be assigned for each type of carbon: 
 Ac   20-24.9⁰ 2θ 
 Tc  24.9-25.85⁰ 2θ 
 Gc  25.85-27.00⁰ 2θ  
These values do not consider instrumentation effects and should be used only as a guide, 
not as absolutes.  Based on the LaB6, calculated instrument peak broadening is 
approximately 0.07 2θ. 
As the concentration of Gc increased the R values for the G-aerogels also 
increased, PBO-H-LD G-aerogel had the highest R value (at 21.6); with the lowest at 
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6.35 for RF.  The increase in both order and layered carbons in G-aerogels was verified 
by sharper, narrower XRD peaks.  XRD peak positions also allow for the determination 
of interlayer spacing. Interlayer spacing is calculated from Bragg’s Equation: 
 
nλ=2d sinθ                                                          (16) 
 
where n=1 (an integer), λ is the wavelength of the incident X-ray (1.54 for Cu Kα), d is 
the spacing between the planes, and θ is the angle between the incident ray and the 
scattering planes in radians. The shift that occurs in the (002) 2θ peak from 26.228⁰ 
(diffractions of hexagonal graphite) to ~24 2θ, in the C- aerogels denotes an average d002 
of 3.72 Å (disordered graphite), versus 3.34 Å in a highly ordered graphite (see Table 
5.7).
254
  G-aerogels have an average d002 of 3.42 Å, trending towards more ordered 
graphitic materials. PBO-H-LD G-aerogel has the smallest d002
 
at 3.40 Å, and RF G-
aerogel has the largest at 3.45 Å. The G-aerogels have decreased interlayer spacing 
(when compared to C-aerogels), which is typical of HTT carbonaceous materials.
255
  
Interlayer spacing measured from HRTEM images of the G-aerogels agrees relatively 
well with the calculated values (Table 5.7).  A d-spacing of 3.44 Å results in an increase 
in surface area, relative to graphitic carbon.  This increase is due to the addition of 
micropores. 
The (002) diffraction peak is accepted as the stack height of the graphene layers in 
graphite. Mean stack height of the graphene sheets in the G-aerogel crystallites (Lc) was 




          ⁄                                                       (17) 
 
This equation was applied to the (002) diffraction peak at 2θ = 26⁰, where B is the 
FWHM (in radians), k is the Scherrer
95
 constant, which for the (002) peak is 0.84 rad.
256
  
The crystallite width (La) is typically calculated via the Scherrer
95
 equation from the 
(100) diffraction peaks (with k=1.84),
257
 which is not visible in the current XRD spectra.  
 
 
Table 5.7. XRD, Raman, and HRTEM data for G-aerogels. 
  
sample  
From XRD  From Raman From HRTEM 

























24.97  0.96   NM 
PAN-HDDA 
G-aerogel 
25.95 3.44 43.2 33.35 1.17 3.42 
PAN-HDDA 
C-aerogel 
25.1  1.2   NM 
PAN-EGDMA 
G-aerogel 
25.25 3.42 38.1 54.80 1.34 3.44 
PBO-H-LD C-
aerogel 
20.96  2.63   NM 
PBO-H-LD G-
aerogel 
25.85 3.40  77.4  24.65  1.50  3.41 
RF C-aerogel 23.94  0.85   3.90 
RF G-aerogel 25.79 3.45 24.2 29.33 1.72 3.54 
PIISO C-
aerogel 
23.82  1.74   NM 
PIISO G-
aerogel 
25.98 3.426 43.5 59.26 0.66 3.45 
Graphite
254
  26.228 3.395    3.39 
NM-Not Measured, SNA-Sample not available 
 
 
Thus, Raman spectroscopy (see the in-depth characterization in Section 3.2.2 and 
Section 5.4.7) was utilized to calculate the crystalline width. Knight’s empirical formula, 
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                                   (15) 
A useful correlation to ascertain the degree of graphitization is when the 
difference between La to Lc is greater than 150 Å.
255
  It has been reported that a 
relationship exists between La and Lc, when La=Lc and when La=2Lc.
 117,236,259,260
  Some 
graphitization has occurred when La ≤ Lc which is evident in the La and Lc values of theG-
aerogels (Table 5.7) and is supported by HRTEM (Figures 5.22-27 and 5.32) PAN-
EGDMA, PBO, PAN-HDDA, PAN-EGDMA, PBO). This data suggests that PBO, PAN-
HDDA, PAN-EGDMA and PIISO C-aerogels are considerably more graphitizable than 
RF C-aerogels. 
5.4.6 C- and G- Aerogel SAXS Analysis.  Small angle X-ray scattering (SAXS)  
has been used extensively to quantify primary particles and/or distributions of clusters as  
well as other structural features present in a material.
83
  SAXS was employed to complete 
the picture of the morphology present in the C- and G-aerogels. SAXS characterization 
has been used to quantify carbon aerogels up to 200 nm sized particles.
261-270
 
SAXS curves (as described in Section 3.2.1) are delineated into different regions. 
Each region with this delineation provides morphological details about the sample; region 
III where q>qα (the intensity observes Porods’s Law), region II for q<qα (a variation from 
Porod’s law is seen).  The parameter α=1/q relates to the radius of the smallest assumed 
hard particles that contribute to Porod scattering.  All samples examined displayed a 
power law within the high q region.  In the middle q region (~0.30 q Å
-1
) the radius of 
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gyration (RG) was calculated with the Unified Fit code developed by Beuacage
83,85
 to fit 
scattering data composed of a Guinier region and a power law tail (Table 5.8).  Radius of 




              
  
   
 
                                              (29) 
 
Guinier analysis is only reasonable for systems that contain dilute particles.
272
  While 
both the C- and G-aerogels are porous (Table 5.8), the particles are comprised of 
intertwined graphene particles (see Figure 5.35).  It is these intertwining graphene 
ribbons that make closed pores accesable to the N2 adsorption. 
In the Porod region, a log I – log q plot with a slope of 4 denotes smooth spherical 
particles.  Both C- and G-aerogels have some samples with a Porod slope >4.0, indicative 
of particles with a variable density or amorphous carbon at the surface (Figure 5.35).  A 
low signal to noise ratio in the high q region made determinations of the slope 
problematic, with higher than expected standard deviations (see Appendix D).  All 
samples examined with SAXS showed high noise in the high q region.  The high noise at 
the high q region is most likely a result of instrument conditions.  Because neither the 
sample nor the beam was under vacuum, stray scattering could have been induced into 
the SAXS curves.  This high noise is not seen in reported SAXS curves of similar sample 
analyzed using a synchrotron beam line.
273,274
 
The features visible in the SAXS plots (of the C and G-aerogels) are typical of 
disordered carbon;
273,274
 the C-aerogels have one level structure and G-aerogels have two.   
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Sample Level RG, Å P R, nm qα, Å
-1
 PDDF RG, (PDDF), Å Curve Type 
PBO C-aerogel 1 387.26±10.6 4.54±0.013 49.97 0.0179 834.29 278.51±4.97 Single 
PBO G-aerogel 1 15.26±0.08 3.3±0.455 1.97 0.1517 589.96 194.41±4.32 Multiple 
 
2 418.78±104 4.0±0.17 54.04 
  
  
RF C-aerogel 1 88.17±0.23 4.286±0.014 11.38 0.0521 225.86 80.53±0.058 Single 
RF G-aerogel 1 10.8±0.16 4±0.63 1.39 0.1999 287.79 93.33±0.007 Multiple 
 
2 149±1.34 4±0.023 19.23 
  
  
PAN-EGDMA C-aerogel 1 388.03±7.49 3.969±0.023 50.07 0.0129 980.59 331.3±7.22 Single 
PAN-EGDMA G-aerogel 1 25.43±0.51 3.90±0.049 3.28 0.2049 852.39 281.01±4.76 Multiple 
 
2 149±5.91 4.54±0.057 19.23 
  
  
PAN-HDDA C-aerogel 1 333.38±4.6 4.21±0.013 43.02 0.0150 834.29 287.51±4.98 Single 
PAN-HDDA G-aerogel 1 25.4±1.0 4.0±0.17 3.28 0.1999 1650.00 557.62±0.44 Multiple 
 
2 648±99 3.73±0.36 83.61 
  
  
PIISO G-aerogel 1 14.29±0.09 3.889±0.25 1.84 0.1303 457.86 192.44±0.035 Single 
 
2 224.8±0.37 3.38±0.72 29.01 
  
  
DCPD C-aerogel 1 115.95±0.17 4.38±0.008 14.96 0.0400 637.78 207.97±10.43 Single 
DCPD G-aerogel 1 16.46±0.12 4.01±0.18 2.12 0.2698 920.49 212.28±8.1655 Multiple 
 
2 442.59±17 4.46±0.025 57.11 
  
  
PU G-aerogel 1 14.58±0.53 2.526±0.0458 1.88 0.1571 171.52 89±0.32 Multiple 
ACAR 1 119.6±0.36 3.97±0.006 15.43 0.0693 539.98 173.51±1.52 Single 
AC2300 1 26.5±0.67 3.66±0.15 3.42 0.8211 1096.70 392.77±7.5 Multiple 
 
2 118.32±10 3.936±946 15.27 
  
  
CBAR 1 321 
 
41.42 0.0207 647.73 209.53±2.94 Single 
CB2300 1 385.19±32 4.037±0.0052 49.70 0.0114 543.08 181.93±2.48 Single 
Grafoil™ AR 1 406±26 4.03±0.007 52.39 0.0093 681.55 221.23±8.42 Single 
Grafoil™ 2300 1 385.17±63 4.36±0.08 49.70 0.0089 578.499 195.89±34.16 Single 








Figure 5.35. PBO-H-LD G-aerogel particle.  Particle has Ac on the outer edges (black 
arrow) with internal intertwined graphene units (white arrow), showing intra-particle 
porosity. 
Level one is indicative of either primary particles or porosity, whereas level 2 indicates 
an agglomeration to secondary and tertiary particles.  The first level RG values indicate 
that small entities are present in the G-aerogels.  These values are similar to single layer 
PAHs (which have been proven to exist, in the G-aerogels, by HRTEM and calculated 
XRD parameters; Section 5.4.5).  The RG values for the G-aerogels show a consistent 
coarsening of particle size when compared to the smaller C-aerogel RG values. 
For the C-aerogels there are basically two morphologies as seen by the two types 
of SAXS curves (see Figures 5.36 and 5.37, and Appendix C).  One type is seen in 
samples (CBAR, PBO, PAN-EGDMA, and PAN-HDDA C-aerogels) that exhibit a single 
line slope SAXS curve (Figure 5.36a).  The other type is exhibited by ACAR and RF, 
where a slight plateau in the low q region is visible (Figure 5.36c).  This type is typically 
associated with a decrease in slope that generally corresponds to a power law of q
-4
 (See  
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Figure 5.36. C- and G-aerogel SAXS curves: a) SAXS curves for PBO-H-LD, PAN-
EGDMA and PAN-HDDA C-aerogel and CBAR (CBAR added for comparison), b) 
SAXS curves for RF C-aerogels and ACAR (DCPD C-aerogel added for comparison 
purposes), c) SAXS curve for RF and PIISO G-aerogel and AC2300, and d) SAXS 
curves for PAN-EGDMA, PAN-HDDA, and PBO-H-LD G-aerogel have large pores due 
to the plateau being short
275
 (DCPD and PU added for comparison purposes). 
Table 5.8).  For the C-aerogels, PBO-H-LD, PAN-EGDMA, and PAN-HDDA the SAXS 
curve does not reach a constant value because, either the particles/pores are too large or 
the mesoporosity has increased.
241,270
 
Although the SAXS curves for both the RF C-aerogel and ACAR do not reach a 
constant value, the curves do show a tendency towards a constant value.  This constant 






PAN-EGDMA, and PAN-HDDA C-aerogels; this is particularly true in the RF C-aerogel 
(Tables 5.3 and 5.8). A slight deviation from Porod’s law is seen at q = 0.15 Å-1 for the 
ACAR SAXS curve.  A deviation from Porod’s law at high q is seen as the intensities 
decrease,  which  can be  an indication  that  the individual  particle density has decreased 
due to microporosity.
241
  This finding is verified by the BET analysis
 
of ACAR 
microporosity (Table 5.4). SAXS curves for the G-aerogels (Figure 5.36c and d) also 
illustrate that two different morphologies are present in the G-aerogels and carbon 
controls where a hump is now seen between 0.03 and 0.2 Å
-1
.  This hump is from the 
increased alignment of graphene planes during HTT.
241
  This is seen very well in the 
PBO-H-LD, PAN-EGDMA, and PAN-HDDA G-aerogels and AC2300 SAXS curves 
(Figure 5.37). SAXS curves for RF and PIISO G-aerogels and AC 2300 have two humps 
along the slope (Figure 5.36c).  RF and PIISO SAXS curves two well delineated humps 
with a qmin, while the AC curve has two slight humps and no qmin as the slope continues 
to rise beyond the low q hump. The plateau that appears before the first hump, at low q, 
indicates that the largest particles are within the range of SAXS analysis.
241
   
All SAXS curves exhibit a small plateau between 0.046 and 0.080 Å-1 which 
indicates porosity. When the surfaces appear to have a texture (Figures 5.17 and 5.18c), 
this does not constitute finer structures (smaller particles) but instead to surface fractality, 
as suggested by the slopes of the power-laws at high q region SAXS curves for PAN-
EGDMA and PAN-HDDA G-aerogels, which are between 3.0 and 4.5.
57 
The first hump (seen at low q) is typically produced by the aggregation of primary 
particles into secondary particles; the second hump at higher (q values) is produced by 




Figure 5.37. Comparison SAXS curves for C- and G-aerogels.  G-aerogels show the characteristic “hump” at high q values signifying 
larger crystallites. (Red curves are G-aerogels, different colored cures are C-aerogels: a) PBO, b) PAN-HDDA, c) PAN-EGDMA, d) 













the SAXS curves only show one hump (see Figure 5.36d) in the high q region.  This 
hump is preceded with a short Porod region, with an increase in intensity upwards to the 
low q region with no qmin attained (Figure 5.36d).  No deviation is visible in the Porod 
region at high q.  No observed qmin indicates that the second level particles (or 
agglomerations) are too large for SAXS analysis.  
Changes in the intensity of a SAXS curve gives information on the overall density 
of the aggregation present in the low q region (See Figure 5.37).  The SAXS curve’s 
intensity for PAN-EGDMA G-aerogel matches the SAXS curve’s intensity of the PAN-
EGDMA C-aerogel, indicating that the second level density has not changed; only the 
internal structure has changed (Figure 5.37c).  This change is confirmed by the fact that 
these two aerogels have the same porosity (Table 5.4). The increase in the intensity of the 
PAN-HDDA and PBO-H-LD G-aerogel SAXS curve is slightly decreased from that of 
the corresponding C-aerogel, i.e. an increase in meso- and macroporosity, (Figures 5.37a 
and b).  For RF G-aerogel (Figure 5.37d) the HTT induced hump is at high q. As the 
intensity increases, however, it reaches a qmin.  The qmin for the RF G-aerogel intensity 
converges with qmin intensity of the RF C-aerogel (Figure 5.37d).  This means that the 
second level particles do not change with HTT, as seen in the calculated particle sizes 
(Table 5.4).  A comparison between both the AC2300 and ACAR SAXS curves (Figure 
5.37e) at high q and the G-aerogels (Figures 5.35a-d) reveals a hump similar to those 
found in other G-aerogels. This finding indicates smaller entities are present, whereas the 
increase in intensity at the low q region is the same as that for C-aerogels.  Because the 
low q hump in the AC2300 matches exactly the only hump in the ACAR it 
correspondingly relates to a primary particle not to the aggregation of primary particles.  
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Thus, the hump in the high q region for AC2300 is the result of an increase in the number 
of small sized pores that are induced by the alignment of the smaller MOs into larger 
graphitic units.
241,258
  SAXS curves for both CBAR and CB2300 are very similar.  In each 
the particle size is too large for SAXS analysis.  A slight deviation exists at 
approximately 0.03Å
-1
.  Here CB2300 has a slight decrease in intensity (Figure 5.37f).  
This decrease, in intensity, indicates the density for CB2300 has decreased from that of 
the CBAR. 
Pair distance distribution functions (PDDF) were calculated for the SAXS data 
using the Irena SAS macro  Pair  Distance Distribution Dunction.
234
   The PDDF is deter- 
mined by this formula: 
 
            ∫          
 
 
   
       
  
                        (30) 
 
Where          is the contrast/volume of the scatters or a scaling factor (which was set to 
1 in this macro), γ0 (r) is the PDDF and r is the distance. 
PDDF is the distance between points within an object that is used to describe the 
paired-set of distances between all electrons within the structure.  It is a useful tool for 
visibly detecting conformational changes within a structure as small changes in the 
relative positions result in detectable changes in PDDF distribution.  The Moore
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method was used in this study to calculate the PDDF for both the C- and G-aerogels.  
When the PDDF value is virtually the same or increases between corresponding C- and 
G-aerogels, it illustrates an increase in graphitic order from the C-aerogel to the G-
aerogel (see Figure 5.38).  Three instances were identified in which the PDDF values 
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decreased from a large to a smaller value: PBO-H-LD, CB and Grafoil™.  All samples 
were single peak PDDF plots, indicating single domain structures.  PAN-EGDMA and 
PAN-HDDA G-aerogels, however, were not.  PDDF plots for these aerogels reveal 
multiple peaks from multi-domain structures (see Figure 5.38 and Appendix D).
277
  An 
increase in relative PDDF values, as exhibited in most G-aerogels with respect to the 
corresponding C-aerogel, confirm the increase in order.  Paired-set of distances between 
all of the electrons increases as the graphitic regions form and enlarge (Table 5.8). 
Modeled SAXS data for both C- and G-aerogels was collected to determine the 
microstructure possible at all levels. A comparison between the modeled values and the 
experimental values allowed for the differences in BET and SAXS data to be reconciled. 
Determination of the smallest particle size, ς, by SAXS is calculated from the transition 
between the Porod region and the Guinier region.  A shift to lower ς values relates to 
either an increase in the size of the graphitic units or an increase in the size of the pores 
present.  If pores are closed and not accessible to N2 for BET surface analysis this is a 
way to verify closed porosity. Hence, if microstructural details are not detected 
experimental, they can be concluded to be present by calculating the radius and the 
density based on the smallest unit available, ς.  Consider R0 and ρ0 to be the radius and 
the density, respectively, of the smallest spheres (Rn) at the lowest level (see Table 5.9). 
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                                                         (32) 
               





















Table 5.9. Calculated values from SAXS data. 
Sample α, Å-1 R0, Å R1, Å R2, Å R3, Å R4, Å ρs P1 P2 P3 
PBO-H-LD C-aerogel 0.0179 56.02 168.07 504.20 1512.61 4537.82 1.665 6.167E-02 4.568E-03 2.538E-04 
PBO-H-LD G-aerogel 0.1517 6.59 19.77 59.32 177.96 533.88 1.306 4.837E-02 3.583E-03 1.991E-04 
RF C-aerogel 0.0521 19.19 57.56 172.67 518.02 1554.05 1.92 7.111E-02 5.267E-03 2.926E-04 
RF G-aerogel 0.1999 5.00 15.01 45.02 135.07 405.20 1.5796 5.850E-02 4.334E-03 2.408E-04 
PAN-EGDMA C-aerogel 0.0129 77.81 233.43 700.28 2100.84 6302.52 1.834 6.793E-02 5.032E-03 2.795E-04 
PAN-EGDMA G-aerogel 0.2049 4.88 14.64 43.92 131.77 395.31 1.592 5.896E-02 4.368E-03 2.426E-04 
PAN-HDDA C-aerogel 0.0150 66.69 200.08 600.24 1800.72 5402.16 1.781 6.596E-02 4.886E-03 2.715E-04 
PAN-HDDA G-aerogel 0.1999 5.00 15.01 45.02 135.07 405.20 1.646 6.096E-02 4.516E-03 2.509E-04 
PIISO G-aerogel 0.1303 7.67 23.02 69.07 207.21 621.64 1.369 5.070E-02 3.756E-03 2.087E-04 
DCPD C-aerogel 0.0400 25.01 75.03 225.09 675.27 2025.81 
 
0.000E+00 0.000E+00 0.000E+00 
DCPD G-aerogel 0.2698 3.71 11.12 33.35 100.06 300.18 
 
0.000E+00 0.000E+00 0.000E+00 
PU G-aerogel 0.1571 6.37 19.10 57.30 171.90 515.69 
 
0.000E+00 0.000E+00 0.000E+00 
ACAR 0.0693 14.44 43.32 129.95 389.85 1169.56 2.113 7.826E-02 5.797E-03 3.221E-04 
AC2300 0.8211 1.22 3.65 10.96 32.88 98.65 2.113 7.826E-02 5.797E-03 3.221E-04 
CBAR 0.0207 48.42 145.27 435.81 1307.44 3922.33 1.937 7.174E-02 5.314E-03 2.952E-04 
CB2300 0.0114 87.72 263.16 789.47 2368.42 7105.26 
 
0.000E+00 0.000E+00 0.000E+00 
Grafoil™ AR 0.0093 107.74 323.21 969.62 2908.86 8726.57 
 
0.000E+00 0.000E+00 0.000E+00 







where Nn is the number of spheres that compose the nth unit level, with n as 0 in the 
initial level.  Calculated values that are lower than experimental values indicate the BET 
data is incorrect.  Incorrect values are due to N2 inaccessibility to closed intra-porosity of 
the material or that the high q values are due to pores rather than particles.  PBO-H-LD, 
PAN-EGDMA, PAN-HDDA and PIISO G-aerogels each have an experimental BET 
radius value that is higher than the calculated R0 values (Tables 5.3 and 5.9).  PBO-H-LD 
G-aerogel BET experimental particle radius corresponds with a level two calculated 
radius. PAN-EGDMA, PAN-HDDA, and PIISO BET experimental particle radii all 
correspond to a level three calculated particle radius.  These calculated values could be an 
indication of bi-modal porosity within these G-aerogels. 
5.4.7 C-  and  G-Aerogel  Raman  Spectroscopy.  Both C- and G-aerogels show  
first order Raman spectra, a characteristic typical of pyrolyzed carbons. Spectra for all 
samples examined, feature the in-plane mode (E2g symmetry, frequency between 1580 
and 1585 cm
-1
) G band seen in all graphitic materials (see Figure 5.39, individual Raman 
spectra are in Appendix E).
278,279
 Also visible is the A1g band (at ~1330 cm
-1
) due to 
disorder (D band),
 279





D bands have also been associated with not only an aromatic ring 
structure but also the number of edges present in a material.
281,282
 This D band intensity 
can be to be related to both the number of dangling bonds available from MOs as well as 
the number of grain boundaries in microcrystalline graphite.
256
  G-aerogels with a high 
Ac concentration and small La values likely have a D peak that involves graphitic 















Figure 5.39. Raman spectra: a) C-aerogels and b) G-aerogels (PIISO and PU C-aerogel 
samples not available). 
The G band appears to be asymmetrical in the G-aerogels because to the right of 




 band).  Presence of a D
’
 band indicates 
the presence of small grains, short-range or Tc.
91,283,284,
  A second order band, which is 
also visible in graphitic material occurs at ~2661 cm
-1
 (G’).  The D, D’, and G’ bands are 
features of the sp
2
 carbons present in the material.
278
  Local disorientations remained in 
the G-aerogels, even after HTT.  This is indicated by the appearance of D and D’ bands 
in the Raman spectra. 
Structural improvements can be surveyed in the C- and G-aerogels by calculating 
La (the in-plane coherence length, using Knight’s Empirical Formula
94
).  A ratio of the 
integral intensity of the D (ID) band to that of the G (IG) band is another method of 
available to determine the degree of graphitization (see Table 5.10).  The D, D’, G, G’, ID 
and IG values were obtained with Origin 9.0 Loretnzian multiple peak fitting routine.  
Lorentzian line fits are typically used for disordered graphite.
91
  The integrated intensities 
obtained from this fit for the D and G bands were used to calculate the ID/IG value.  
145 
 
Previous studies have used peak heights to determine this value, which negates the 
contribution of the peak broadness.
91
  Studies conducted on graphitized materials 
however, have shown that the FWHM of the G and D bands correlate to the structure of 
the material and should be included in the ID/IG value.
285
 
C-aerogels exhibit broad, overlapping D and G band peaks where the D band 
overlaps the G band.  These types of spectra confirm the previous XRD and HRTEM data 
as C-aerogels are highly disordered (Figure 5.32).  The D’ band is obscured by the 
broadness of the G band.  Heat treatments increase the in-plane structural order of the 
microstructure’s graphene ribbons, located within the G-aerogels (Figure 5.2). The 
disorder-induced D band peak narrows significantly, and the ratio of the integrated 
intensity decreases with HTT (indicating an increase in the in-plane microcrystallites 
size). In the C-aerogels, the second order G’ band is extremely wide, a result of 
microcrystalline units present in the material.
286
  The G’ spectrum broadens as the 
domain size decreases. 
 
 











PIISO G-aerogel 1335 1584 1618 2659 
PAN-EGDMA G-aerogel 1334 1584 1619 2657 
PAN-HDDA G-aerogel 1327 1577 1610 2644 
RF C-aerogel 1331 1577 1719 2736 
RF G-aerogel 1322 1578 1606 2633 
PBO-H-LD C-aerogel 1343 1575 1687 2810 
PBO-H-LD G-aerogel 1320 1575 1599 2632 
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The RF C-aerogel has a more well-defined, spectrum than any other C-aerogel, 
with each band clearly visible. The D and G bands on the RF C-aerogel are the narrowest, 
with a noticeable D’ band, and a very narrow G’ band.  This narrow G band is an 
indication that microcrystallites, i.e. more structural organization, are present in the RF 
C-aerogel matrix.
256
  Spectral indications are that the RF C-aerogel is the most ordered of 
the C-aerogels examined.
282
  Raman spectra, of both PAN-HDDA and PAN-EGDMA C-
aerogels, are indistinguishable from each other, with respect to the D, G, and D’ regions.  
The D band is slightly greater than the G band, as indicated by the ID/IG values.  The 
second order G’ band is much more narrow in the PAN-EGDMA C-aerogel than it is in 
the PAN-HDDA C-aerogel, suggesting the PAN-HDDA C-aerogel contains much 
smaller microcrystallites. PBO-H-LD C-aerogel has broad peaks, with equal intensities 
for the D and G bands.  The G’ peak, however, is as narrow as the G’ seen in the RF C-





 developed a model that describes the change in ID/IG to 
La, at the transition, from amorphous carbons to nano-crystalline graphite.  The transition 
point for La is ~ 2 nm. An La < 2 nm with a rise in the ID/IG, indicates an increase in the 
size of the graphitic crystallites.  When La is less than 2 nm the ID/IG value decreases. 
This phenomenon indicates the coalescing of small graphitic crystallites into larger 
graphitic structures.  In hard carbons, however, a significant number of randomly 
distributed small graphitic crystallites will remain.  This is evidenced by a constant height 
D peak at longer treatment times and/or higher temperatures treatments.
281
  Both low 
ID/IG and a La < 2 nm in C-aerogels signifies that the carbon exists as puckered graphene 
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fragments containing 5-8 ring moieties.
91
  These fragments are the building blocks of 
PDI.  The G band for all of the G-aerogels deviates only slightly from the accepted 
graphite value (1583 cm
-1
).  This value is taken as the mid-point of the G band range 
(Table 5.10). As the position of the G band approaches that of graphite, the La increases. 
At lower G band positions, the La are between 25-35 nm.  The La values increase +30 nm 
at the graphitic G band position (55 nm for PAN-EGDMA and 59 nm for PIISO). This G 
band increase indicates that the degree of disorder can be inferred from not only the 
presence of a D band peak, but also the relative position of the G band peak.
91,287
 This 
disorder is confirmed by the relationship between the D band position and La values. 
Clear evidence of a trend is observed as the lower D band positions result in 
smaller La values. An upshift in the D peak produces an increase in small aromatic 
clusters.
91
  Pimenta et al.
88
 demonstrated that a D band peak at 1350 cm
-1
 can be the 
result of step edges present in highly ordered pyrolytic graphite (HOPG).  Tan et al.
282
 
reported that the lower D band positions are related to the number of edges present.  A 
higher position D band is also related to the number of defects present in the graphite’s 
structure.
282




Although the RF C-aerogel had the highest order, it did not maintain that degree 
of order during HTT.  PAN-HDDA G-aerogel had the lowest D’ integrated intensity and 
the highest band position, indicating less crosslinking, thus a higher order.  Both PAN-
EGDMA and PIISO G-aerogels exhibited the highest D’ positions and the lowest ID/IG 
values. These findings indicating other mechanisms are involved, besides crosslinking, 
during the graphitization process.  The D’ band for RF and PBO-H-LD had the highest 
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integrated intensity and the lowest band position, signifying a high degree of 
crosslinking. When the D’ band position was less than 1620 cm-1and not resolved during 
analysis, lead to incorrect characterization of the G band.
285
  Raman analysis reveals that 
G-aerogels contained wider crystallites (La).  They also had a higher degree of graphitic 
order that was higher than the corresponding C-aerogels.  Thus, G-aerogels were 
constructed of a composite of not only graphitic but also disordered domains.
256
  
Retention of the D band after graphitization is consistent with the morphology seen in 
HRTEM images of kinked and twisted graphitic structures in the G-aerogels. 
5.4.8 Elemental  Analysis  for  G-Aerogels.    Microanalysis  of  the  C-aerogels  
revealed that the only element detectable with this method was carbon, though traces of 
oxygen were identified in the spectra (see Table 5.11).  CHN analysis revealed 
appreciable nitrogen present in PBO-H-LD, PAN-EGDMA, and PAN-HDDA C-aerogels 
(4.38 wt. %, 12.6 wt. %, and 14.2 wt. %, respectively) with minor concentrations in the 
RF C-aerogel, ACAR, and CBAR (0.58 wt. %, 0.29 wt. %, and 0.29 wt. %, respectively).  
The nitrogen concentration was low in the RF as no nitrogen was present in the initial 
organic polymer; it was only present in the acetonitrile used in the formulation.  The low 
nitrogen concentrations in both ACAR and CBAR could have been the result of previous 
processing. 
AC carbons are typically produced from organic plant matter that can contain 
significant concentrations of nitrogen. Processing temperatures, however, remove the 
nitrogen.  CBAR is typically produced from combustion products of hydrocarbons 
(similar to soot), which typically do not contain nitrogen.  Both CHN and EDS analysis 







Table 5.11. Elemental analysis of both C- and G-aerogels including AC and CB. 
CHN elemental analysis was run 3X times. XPS results are from a fracture surface with one scan per sample. 
. a
Oxygen by difference. 
sample 
C% O % N% 
















99.7±0.2 92.66 95.48 99.9 0.3 6.24 3.61 0.01 0.04±0.01 1.1 0.91 ND 
PIISO800 82.85    11.88    5.27    
PIISO230
0 
95.97±0.10    3.88    0.15±0.03    
PBO 800 88.92±0.34    5.97    4.38±0.12    
PBO 
2300 
99.10±0.37    0.66    0.25±0.03    
RF800 87.74±0.13    10.34    0.58±0.04    
RF2300 99.31±0.26 95.04   0.5 2.79   0.19±0.021 0.93   
ACAR 86.48±0.02    13.1    0.29±0.04    
AC2300 99.13±0.09    0.63    0.24±0.08    
CBAR 96.04±0.08    3.63    .29±0.08    







with either little or no hydrogen detected. This finding is contrary to most published 
reports in which hydrogen should be the last non-carbon element removed during the heat 
treatment of carbonaceous materials.
181
  Oxygen concentration values are determined by 
difference; from the CHN values (this assumes that no other element is present other than 
C, N, H, and O).  Minor oxygen concentrations remained in the G-aerogels after HTT 
was completed.  These concentrations were approximately 0.70 wt. % for most of the G-
aerogels, with 0.3 wt. % for PAN-EGDMA and PAN-HDDA, and 0.66 wt. % for PBO-
H-LD G-aerogel.  Oxygen concentrations were decreased for both AC and CB after HTT, 
(0.63 wt. % and 0.38 wt. %, respectively).  XPS data from the surface of PAN-EGDMA 
and PAN HDDA G-aerogels had oxygen concentrations much greater than that of CHN 
oxygen values by difference.  This inconsistency is due to the CHN as a bulk analysis 
whereas XPS is a site specific surface analysis.  XPS data on the sputtered surface 
indicates that the oxygens from site specific analysis is for environmental adsorbed 
oxygen.  
5.5 COLUMNAR CARBON STRUCTURES  
Microscopic characterization of PAN-EGDMA, PAN-HDDA, PIISO, PBO, and 
RF G-aerogels revealed unusual clusters of columnar carbon structures (CCS) that were 
developed during HTT at 2300 °C (see Figure 5.40).  These CCSs were embedded in the 
micromorphology of the smaller particles (Figure 5.40). Other organic aerogels (DCPD 
and PU) also produced CCSs when exposed to HTT at 2300 ⁰C (see Table 5.12).  The 
AC sample also produced CCS when heated to 2300 ⁰C (see Figures 5.41 and 5.42).  The 





Figure 5.40 PIISO G-aerogel with a CCS cluster. 
Nucleation and growth of CCSs on the G-aerogels and AC is due to PDI (Section 
5.2), induced by fast graphene grain growth.  Both surface PAHs and volatile PAHs 
coalesce rapidly as a result of high temperatures.  This coalescence in turn induces PDI.  
Available carbon combined with PDI surface active sites produces CCS growth. AC is 
known to have a high surface area, thus providing more surface area for CCS nucleation. 
CB, however, was chosen for this study because, although it lacks a relatively high 
surface area, it contains surface groups (of oxygen, and hydrogen) containing 90-99% 
carbon.
240  
Numerous studies conducted on a variety of CB and activated carbons reveal 

























































0.35 0.8702±0.004 60.4 30 312.4 (233.2) 55.5 
DCPD-
2300 
0.40 0.9158±0.002 56.3 11.7 108.83 (461.73) 114.94 
PU-2300 0.24 1.26±0.004 80.9 1.35 64.5 (9994.1) 1763.7 
aSingle sample, average of 50 measurements. dBy the 4 VTotal/σ method. For the first number, VTotal was calculated by the single-point desorption method; for the number in brackets VTotal was calculated 
via VTotal = (1/ρb) -(1/ρs). 







CCS occurrences were negligible on the CB sample. Visually, most of the CB 
particles have a typical spheroidal shape that appeared unchanged after HTT (Figure 
5.21).  Reported instances in which a CB sample was heated to 3000 ⁰C in a lidded 
graphite crucible showed development of whisker-like structures that displayed helical 
sides.  This study did not show CCSs developing on CB, the temperature was likely not 
high enough to produce CCSs on the CB particles. CB is dissimilar to soot (see Section 
5.2.1) in that it has a much higher surface area-to-volume ratio and significantly lower 
(negligible and non-bioavailable) PAH content.
289 
Typical light micrographs taken of two broken surfaces are presented in Figure 


























Figure 5.42. Light micrographs:  (a) PBO-H-LD G-aerogel (The bright dots are CCSs) 






Figure 5.43. SEM of typical CCS growths in an RF G-aerogel. 
open areas, either voids or cracks.  CCSs do not cover the surface but are instead sporadic 
in growth, typically found in large pores (see Figure 5.44). This phenomenon is true of 




surfaces when the matrix was very dense with nano-sized pores (i.e. RF and PIISO G-
aerogels; Figures 5.43 and 5.44a).  As Mochida et al.
181
 reported, the pores of carbon are 











Figure 5.44. SEM of common growth habit of CCS on G-aerogels: a) PIISO, b) DCPD, 
c) PAN-HDDA, and d) PAN-EGDMA. 
nucleation sites plus room to develop, are where CSSs will be found on the G-aerogels.  
Because the CCSs examined were so small, light microscopy was only used as a 
diagnostic tool, to determine whether or not CCSs were present on the samples after 2300 







examination.  When CCSs were present, they tended to “sparkle” against a black 
background (Figure 5.42a).  The sparkling effect resulted from the anisotropism of the 
graphitic planes.
290
  At higher magnifications both individual rods as well as clusters of 
rods could be distinguished easily (Figure 5.42b). 
5.5.1 CCS  Occurrences.  SEM  images confirmed that CCSs were formed in the 
internal (PIISO, PAN-EGDMA, and PAN-HDDA) as well as external voids (PBO-H-LD, 
PAN-EGDMA, PAN-HDDA, and AC) and cracks (RF) in the samples (Figures 5.43 and 
5.44).  Some of the CCSs are only exposed upon breaking of the G-aerogel monolith. 
CCSs appear brittle and characteristically break to expose cone-shaped fracture 
surfaces
144,145,146,134




Figure 5.45. PAN-HDDA G-aerogel string of broken and connected CCSs. 
157 
 
becomes restricted. These closed pores result from structural defects.
258
  These defects 
also facilitate the inclusion of cyclopentyl defects and disclinations (PDI), forming CCS. 
Some of the rod-like objects were axially true; others possessed a helical habit, 
resembling various cone-like structures present in some natural graphites (Figure 4.7).
107
 
CCS populations were calculated from low magnification (60-250x) SEM images to 
determine the approximate areas that contained CCS for each sample.  Representative 
CCS containing areas were imaged at higher magnifications (1000-2500x) to reveal CCS 
populations.  Areas in the low magnification images were outlined, and then image 
analysis was conducted on the threshold image to give the area percent containing CCS 
(see Appendix F for illustrations).  This procedure was conducted on higher 
magnification images in which either the individual CCS or the CCS cluster was outlined. 
Image analysis for these images was conducted to provide the percentage of CCS per area 
(see Table 5.13).  Care was taken to measure only CCS that appeared to be in the same 
plane, and thus avoid distorting either the size or the percentage of the rods present.  
PU was the G-aerogel with the highest observed population of CCS. (4.22%).  RF 
G-aerogel contained the lowest percentage of CCS (0.05%); this G-aerogel also had the  
smallest population of CCSs. Although areas in PAN-EGDMA and PAN-HDDA where 
CCS developed were highly populated, the total areas containing CCS were not great in 
number (0.62% and 2.03%, respectively).  Both the PAN-EGDMA and PAN-HDDA G- 
aerogels had the best developed CCS’s, almost a polyhedron shape on for most of the 
CCSs.  Most of the CCSs developed in clusters (Figures 5.42 and 5.46).  The DCPD G-
aerogel, however, contained more single rods than any other G-aerogel (Figure 5.44b).  







5.5.2 CCS  Shapes.   There  were  six  identifiable  rod shapes were found in the G-  
aerogels examined (Figures 4.6, 5.46 and 5.47, Table 5.13). The most abundant shape 
was the “cigar,” 144,145 or spindle shape. This shape had an ellipse body with a taper at 
both ends, (42.3 %) (Figure 5.46).  The next most abundant shape was the column 
(21.6%), which had nearly parallel sides (Figure 5.46d).  The third was the “immature” 
CCS (14.5%).  This shape was given to all structures that resembled a either a rod or a 
column shape by virtue of an aspect ratio > 1:0.5.  The immature CCSs were only 
counted in the areas that contained other CCS shapes.  It is possible that these structures 
also existed in areas where CCS were not developed enough to be observed thus would 
then be the most abundant shape present. 
Additional instances of rods included: screw/scroll-like rods (10.3%), scroll rods 
(Figures 5.46c and e), “golf tee” or frustum shaped (a larger, flatter top and a small taper 
base end, 8.4%; Figure 5.47), and conical rods (broader at the base than the top, 3%). 
Partial spindle CCS are likely broken rods resulting from handling the material.  For 
counting purposes both the screw CCSs and the scroll CCSs were counted as one group.  
Partial spindles were counted as spindles. 
Sometimes, the CCS grew into each other (Figure 5.46a).  This occurred most 
often in the PAN-EGDMA and PAN-HDDA samples. Several CCSs appeared to have 
two shapes in the same rod.  The PBO-H-LD CCSs commonly had spindle bottoms with 
column tops (see Figure 5.48).  Some of the graphitic layers were extremely pronounced 
on the sides of some CCSs (Figure 5.46a).  However other CCSs appeared to have 





 Figure 5.46. Different shaped CCSs: a) scroll and broken (PAN-EGDMA), b) helical, 
spindle (PAN-HDDA), c) scroll (PBO-H-LD), d) axial true (PAN-EGDMA) and e) screw 
(DCPD). 
 





















CCS/area Spindle Cones Columns Frustum 
Screw 
/Scroll 
Imm. D, um L, um 
Aspect 
ratio 
RF 1 5 40.33 4.97 3.31 1.10 3.31 46.96 0.4-1.0 0.5-3.5 3.5:1 
PIISO 4.5 7.4 12.50 6.73 35.58 2.88 26.92 15.38 0.75-2.0 2.5-4.0 2.0:1 
PAN-
EGDMA 
4.6 12.5 31.16 0.00 48.91 18.48 1.09 0.36 0.5-7.0 2.5-40 5.7:1 
PBO-H-
LD 
2.9 55.5 86.97 0.00 0.98 1.30 5.86 4.89 0.5-5.0 0.5-24.0 4.8:1 
PAN-
HDDA 
6.7 28 48.25 0.00 13.29 23.78 9.79 4.90 1.5-6.5 5.0-47.0 7.2:1 
DCPD 10 36.4 19.55 8.18 25.91 3.64 20.00 22.73 0.5-2.5 1-5.0 2.0:1 
PU 27 14.5 5.95 5.95 32.14 9.52 26.19 20.24 0.5-2.5 0.5-5.5 2.2:1 
AC 6 22 44 6 4 8 27 8 0.5-5 1-10 2:1 















Figure 5.48. PBO-H-LD G-aerogel CCSs with column-topped spindles. 
5.5.3 CCS Size.  CCSs range in length from 0.5 to 47 μ.  Their diameters are  
between 0.25 and 7μ.  Samples with the longest rods included PBO-H-LD, PAN-
EGDMA, and PAN-HDDA (24 μ, 40 μ, and 47 μ, respectively).  Both the RF and the 
PIISO G-aerogels had the shortest CCS, with 3.5 μ and 4.0 μ, respectively. PBO-H-LD, 
PAN-HDDA, and PAN-EGDMA had the largest diameter rods: 5.0 μ, 6.5 μ, and 7.0 μ, 
respectively.  The PIISO and the DCPD each had the smallest aspect ratio at 2:1; the 
PAN-HDDA had the highest aspect ratio at 7.2:1 (Table 5.13). 
5.5.4 CCS  Morphology.   CCS tops are typically smooth in appearance, whereas  
others display tops with particulate matter.  Certain CCS growth ends exhibited a faceted 
appearance that was more pronounced in broken CCS disks.  These broken disks 
displayed, up to an 11-fold, faceted symmetry (see Figure 5.49).  This faceting can be due 
to twinning
199,291 
or is an artifact from graphene layer rearrangement.  A lattice mismatch 
of the top layer as it rotates across gives rise to different stacking orientations.  Liu et 
al.
104
 reported on an in-situ manipulation of graphite flakes that resulted in certain 
















Figure 5.49. PAN-HDDA G-aerogel faceted CCS sections: a)  convex, 11 fold symmetry, 
b) convex, four fold symmetry and a broken disk with no symmetry, c) convex, 5 fold 
symmetry and folded top layers, and d) concave, showing 6 fold symmetry.(See figures 
5.40b and 541e for more examples of facets.) 
orientations a 60º symmetry is displayed that is similar to the “star” symmetry found in 
the facets of the broken disks. 
5.5.5 CCS Development.  In some cases, nanotubes were found to be connected  
to the lower portion of CCS bases (see Figure 5.50).  This connection could indicate that 
nanotubes are an integral part in the nucleation and/or growth of the CCS. Interestingly, a 
number of shapes are present in a cluster.  This fact indicates that the shape of the CCS is 
not a result of the nucleation but of the environment.  Both PAN-HDDA and PAN-
EGDMA samples displayed the fewest diverse set of shapes present, containing primarily 






The velocity of growth in the “c” axis causes localized turbulence in the area of a 
CCS effecting the local carbon concentration available for growth.  Rod growth proceeds 
along the c-axis faster as the whorl edge is more reactive than the outside round edges.
151  
In almost all cases, the clusters of individual CCSs grow from a layered lobed base (see 
Figure 5.51 and 5.52).  This layered lobed feature resembles structures found in naturally 
occurring graphites.
137
  These bases are much larger than the primary carbon particles 
that comprise the sample. 
Figure 5.52 reveals several rods emanating from a central, layered core. (Some of 
the base is obscured by either amorphous or thicker carbon.)  The base of each rod has a 
polygonal shape.  The rod to the extreme left (in Figure 5.52b) is actually the result of 
two rods (see axis marked). Axis extrapolation indicates a proposed single origin.  The 
red line highlights a common surface shared between all three rods, while the blue line 










Figure 5.50. Nanotubes: a) AC particle on Grafoil™, FIB cross-section and b) polyhedral 












Figure 5.51. Layered lobed feature found at the base of CCSs: a) PBO-H-LD G-aerogel 









Figure 5.52. TEM of an AC CCS cluster: a) there appears to be two rods present and b) 
actually there are three rods present.  The axis is marked by different colors; the red line 
highlights a continued base shared by five CCSs. 
the rods developed either a reverse cone or spindle shape because the growth rate was 




Spindles are a result of controlled growth rate and available carbon. Frustums are 
created when rapid vertical growth slows down, causing the rod to be top heavy.  
Columns, upon closer inspection, have reverse cone bases that are relatively short.  This 
smaller size indicates growth that is more controlled in the “c” direction than it is in the 
spindle (which has a steady supply of carbon).  Both screws and scrolls are a result of 
multiple layer PAHs coalescing with a single or fewer layers, resulting in a larger step.  
These larger steps have higher surface energies.  Thus the growth rate is very fast, 
producing a CCS with pronounced steps (i.e. either a screw or a scroll; Figure 5.53). 
Cones are the only CCSs that have a base larger than the tip, indicating very slow growth.  
No noticeable chirality of the screw or scroll was identified in the CCSs (see 
Figure 5.54). The probability of observing clockwise versus counter-clockwise spirals is 









Figure 5.53. Screw and scroll CCSs: a) DCPD screws, b) PBO-H-LD scrolls, and c) 
PIISO screw. 




Figure 5.54. Cluster of CCSs.  Both clockwise and counter-clockwise spirals are present 
in the sample cluster (PAN-HDDA G-aerogel).  
All free tops, including the frustum shapes, exhibit a conical appearance.  Some of 
the tops appear to be covered with large particulate matter (see Figure 5.55).  Some of the 
particles on the tops of the rods are the same size as the parent G-aerogel particles (see 
Figures 5.55 and 5.56).  In both PAN-EGDMA and PAN-HDDA, the particles on the 
tops of the CCS are actually smaller CCSs (Figure 5.55).  These CCSs are thought to 
have grown from below the obvious surface up through the particulate material.  This 
material continued to coalesce, thus nucleating more CCSs. These smaller CCSs were not 
included in determining populations. 
TEM images, taken of whole CCSs, with the axis normal to the incident beam, 
revealed similar characteristics (Figure 5.52).  The contrast varied across the CCSs, with 
the highest contrast appearing towards the edges at the thinnest part (with respect to the 































Figure 5.56. CCS tips with particles: a) HRTEM of a PAN-EGDMA column CCS with 
particulate matter at the top and b) SEM of a PBO-H-LD column with particulate matter 
that was similar in size to the PBO-H-LD G-aerogel particles. 
obvious CCS present (see Figure 5.57), reveals an archetypal scroll-shaped CCS.  The 


















Figure 5.57. TEM image of AC rods on a particulate base: a) three CCSs are present.  b) 
Several smaller CCSs are visible at the base of the upper most rod (black arrow), and c) 
the lower on the middle CCS (red arrow, this image has been rotated). 
There are actually several smaller rods present (black arrow near the base of the 
upper most CCS). Due to contrast, at higher magnifications, typically only the tips and 
very edges of the CCSs were accessible for imaging (Figures 5.57 and 5.58). High 
magnification of all of the CCSs examined reveal two sets of multiple parallel lines that 
converge to form an angle. Spacing between the lines was measured at 3.43 ± 0.03 Å, the 
accepted d- spacing of turbostratic graphite.
136,163





in all of the CCS examined with HRTEM. Bumps on the side of the CCS (visible in SEM 
images, Figures 5.47 and 5.49) were produced when layers of graphene grew over a layer 
edge (Figure 5.58).  The d-spacing in these areas was approximately 3.40 Å. 
5.5.5.1 CCS  Apex  angles.   HRTEM  images show that order  is consistent form  
the outer tip to the bottom base of the CCSs (Figure 5.52a) with the sets of parallel lines 
in each area.  Some of the carbon rods show disorder at the surface, which indicates the 
presence of a coating of amorphous carbon.  Apex angles (α) that appeared to be planar in 
both SEM and TEM images were measured on the CCS (see Figure 5.59).  Errors 
associated with these measurements (±0.731-22.61⁰) included tilt that was induced either 
by non-parallel sides or uneven substrate induced. Thus, the error involved in measuring 
the apex angles, even on planar CCS, is only an estimate.  Tilting of the samples in the 
TEM was not accomplished because a single tilt holder was used for these images; a 
double tilt would have been necessary to tilt to true α.  The highest percent of apex angles 
was between 129.0-160.0⁰.  The most measured apex angle was approximately 140⁰ (see 
Figure 5.60).  An apex angle of 139.9⁰ corresponds to a β of 21.8⁰ according to equation 
(26): 
 
                                                                       (26) 
 
would indicate the inclusion of a planar defect but not the inclusion of a disclination.  
Approximately 10% of the measured apex angles where within the 112.9⁰ range. 
The highest calculated error possible in the measurement of an apex angle is 


















Figure 5.58. TEM image of a PAN-EGDMA CCS edge: a) surface bump, b) CCS with 
surface bumps, c) bump interior; layering not a spiral pattern, basal plane edge defect. 
range of 130⁰ (well within the excepted range of disclination helically induced apex 
angles for graphitic materials).  Although the apex angle distribution exhibited by PAN-
EGDMA, PAN-HDDA, PIISO, PBO-H-LD, DCPD, PU and AC CCSs was close to 
previous angles with reported conical geometry, 
144,145,146,151
 it was not the same.  
Additionally no correlation emerged between the shape of the CCS and the apex angle in 









Figure 5.59. Measured apex angles from AC: a) Spindle tip, 145.3⁰; b) scroll tip, 146.6⁰; 
c) spindle tip, 158.2⁰; d) Scroll tip, 144.9⁰.  Dark lines show a super-periodicity, which is 







Figure 5.60. Distribution of apex angles for all samples: a) total angle apex distribution 






According to Bourgeois et al.,
161
 angles compatible with n60⁰ are closed conical 
hats, not continuous, helically wound assemblies. Closed cones would result if a wedge 
consisting of β were removed from the graphene sheet and the edges were to join. This 
wedge would result in the calculated β being too small, thus no disclination would occur.  
Bourgeois et al.
161
 defined a term, θover, as the departure of β from the closed multiple of n 
for 60⁰ (θover=|β-n60°|) this makes θover ≤ to 30⁰.  Because θover is related to β, specific 
θover values affect a higher density of coincidental lattice sites (ABAB stacking) and are 
thus favored.
161
  Use of is a much more accurate way to describe Both the helicity and the 
conical dimensions of CCS can be described with greater accuracy when θover is 
applied.
161
  Degree of overlap can be an indication of precursor, as all of the organic 
aerogels induced an overlap with n=1.  In contrast, previous studies conducted on other 
materials reported an overlap of n=2.
144,145,146,293
 
Because the CCSs are considerably large, diffraction patterns were only obtained 
when the 002 axis was relatively perpendicular to the incident beam (Figure 5.61).  Most 
sample display a diffraction pattern that has a mirror image (due to the two sets of 
parallel lines meeting at an angle). This mirror image diffraction pattern also allows for 
the measurement of α. The inter-angle between the two 002 diffraction spots is measured 
as the apex angle illustrated in Figure 5.60 of an AC CCS.  Measurement of the apex 
angle in Figure 5.61 is in good agreement with the apex angle measured from the 
diffraction pattern obtained from the same CCS tip.
163
  The apparent apex angle is well-
defined throughout the length of the CCS. In all but the scroll CCS, the apex angle is in 
the center of the tip.  Scroll CCSs have their apex angle off-center, which produces the 











Figure 5.61. Diffraction of an AC CCS tip: a) lattice fringe image and b) diffraction 
pattern from the CCS tip. 
Although α, of growth, does not change, there were several instances where the 
middle of the CCS showed double layers (Figure 5.57c). This void is due to the faceting 
of the layers during growth. Facets are due to twinning as the graphite winds around the 
“c” axis maintaining ABAB stacking. In order to maintain graphitic layer spacing along 
the length of the CCS, voids are incorporated.
294 
An SAED pattern acquired when the incident beam was parallel to the “c” axis of 
a PAN-EGDMA CCS sheared disk offered information on the graphene layers present in 
the CCS (see Figure 5.62).  This diffraction pattern contained concentric spherical rings 
with a slight elliptical shape; the radii were in accordance with the hk0 lattice spacings of 
graphite.
151,163,295
  The rings were not continuous but instead groupings of separate 
diffraction spots.
151,163,295
  Upon initial inspection, the ring segments appeared to be one 
singular, elongated spot.  Closer inspection, however, revealed that they were actually 













Figure 5.62 Segmented diffraction patterns: a) spotty ring diffraction pattern of a PAN-
EGDMA CCS disk.  The rings correspond to hk0 reflections of graphite.  The lower left 
inset reveals that these rings are segmented. b) (100) DF image (black X), c) (002) DF 
image (white X). 




 ascribed these segmented spots (in 
the diffraction ring) to the “polygonization” of a conical sheet.  Diffraction patterns in 
Figure 5.62 display several concentric rings.  The outer rings exhibit a staggered, radial 
pattern with respect to the inner ring neighbor. This separation does not display a specific 
periodicity.  It does, however, display a multiplicity (180x) of intensity spots which make 
up the rings. This type of patterning can be described as pseudo-symmetry and relates to 
the number of rotations (M), where M = n360/ θover, and n is a relatively small 
interger.
151,163,295
  If the most common θover value is 38.2°, the corresponding n is 19. 
Bourgeois et al.
163
 demonstrated that with this pseudo-symmetry, α can be calculated to 
within 1-2°of the measured value.  This pseudo-symmetry is further evidence that the 
CCS are of a helical structure.
161,295








of the (100) and (110) graphite lattice parameters.  The circular pattern was produced 
when the edges were rotated around the “c” axis.  The distance between the spots was 
360/M (M is always a multiple of six due to the 6-fold symmetry of graphite). The total 
length of a spot cluster in Figure 5.62a was 6.2 nm, Spacing between the clusters was 
also 6.2 nm.  This spacing was purely coincidental, as n changed, the size of the cluster 
changed.  Each time the number of the clusters changed the spacing distance was 
impacted.  Figure 5.62a also shows the (004) reflection as two thin, tilted, elliptical rings 
with an angle between.  These reflections were tilted with respect to the surface of the 
disk.  The second (004) reflection (at an angle) indicates a conical shape to the disk.  
Figures 5.61b and 5.62a reveal the two extremes of diffraction patterns observed 
in the CCS samples. More typical SAEDs are hybrids of these two SAED patterns (see 
Figure 5.63). As the inclination (or tilt) of the planes responsible for the diffraction 
pattern increased the diffraction spots merged together, and the circle became an ellipse. 
This is illustrated in the (004) reflections of Figures 5.62, 5.63d and h.
151   
Figure 5.63b is a PAN-EGDMA CCS tip SAED pattern.  The SAED in Figure 
5.63a is along the “c” axis which is slightly tilted normal to the incident beam as 
evidenced by the split of the diffraction spots. The if the beam were normal to the “c’ axis 
there would only be one row of 00l spots as seen in diffraction patterns of other PAN-
EGDMA CCS (Figures 5.63d and h).
297
  
As the incident beam is moved parallel to the axis, towards the tip, a small angle 
separates the spots which increased with higher order 00l spots (Figure 5.62b).  The arcs 
at the sides of the SAED pattern are the collapsed spot patterns of other reflections.  
These arcs appear to broaden as the order increases (Figures 5.63d and h).
151












(002) diffraction spots as well as higher order (100) diffraction spots indicate that the 
CCS are graphitic and well ordered
122,298
 (see Figure 5.64).  DF images from a PU CCS 
indicate crystallographic regions that correspond well with specific diffraction spots 
(Figure 5.64).  When the incident beam is at the tip of the CCS, diffraction patterns from 


















Figure 5.64. TEM images of PU CCS tip with SAED: a) DF image of the left 002 (blue), 





imaging of a PU CCS tip reveals the different contributions of the crystalline graphite to 
the diffraction pattern (Figures 5.64a and b). 
Lines observed in most of the CCS HRTEM images, correspond to interlayer 
correlations. Lattice fringe measurements reveal that the interlayer spacing was 3.35-3.44  
Å, a finding consistent with turbostratic carbon.
136
  (Spacing, at times, was affected when 
the lingering incident beam changed the CCS structure.)  Figure 5.65, of an AC scroll 
rod, displays wider dark (002) periodic fringes or super-periodicity.  The super-
periodicity in these images occurred when the (110) edge became parallel to the electron 
beam rather than the more common (100) edge (see Section 5.2.3).  These lines appear 
darker because the spacing is larger than the (100).  Super-periodicity is defined as: 
 
pθover/q=k60°                                                        (35)
163 
 
where p is the number of lines in the super-periodicity, q = pitch, and k is a scale factor 
that indicates the speed of growth.  A larger k indicates slower growth, requiring a longer 
time to rotate from the (100) edge to the (110) edge. Typically the super-periodicity, 
when observed, retained the same spacing throughout the entire CCS (Figure 5.65).  
Instances did occur, however, in which the spacing varied as to p and q, for a specific 
CCS (Figures 5.52and 5.59b). 
At equilibrium, the shape of a crystal minimizes the total surface area, which then 
minimizes the surface tension. Edges of the graphene sheets are continuously exposed at 
both the side surfaces and the tips, to provide favorable sites for thickening and 





Figure 5.65. Super-periodicity of an AC scroll CCS: a) off-center apex, b) moiré fringes, 
and c) outer periodicity is 15 layers, p=2 and inner periodicity are ~ 35 layers. 
5.66).
299
  Looping was observed, to some degree, on most of the CCSs edges imaged with 
HRTEM.  This looping occurs as a result of the carbon atom’s unsaturated valences at the 
edge. Unsaturated bonds always have an associated energy (the surface energy γ), 
otherwise known as surface tension.  Edges that are terminated with heteroatoms (i.e. H 
and other non–carbon atoms) have stable edges.  When hydrogen and other non-carbon 
entities have been removed, the edge carbons form bonds with other edge carbons both 
above and below, forming loops.  This bonding in turn causes the entire structure to 
become more thermodynamically stable.
300,301
 
5.5.5.2 Moiré  fringes.  Perpendicular  moiré  fringes,  to the initial direction, are 
produced by the rotation of planes relative to one another.
72















Figure 5.66. Looped edges: a) on an ACAR1 CCS growth edge and b) near the apex of a 
PAN-EGDMA spindle CCS (white arrow). 
present either 100 or 110 moirés fringes. The moiré fringes define interferences from 
two-close, slightly rotated, layers (either 100, 110 or a combination), which are 
superimposed.  Moiré fringes are not part of the sample nor do they constitute “real” lines 
within the sample.  Rather they are an optical illusion produced by scattering. Scattering 
results in a set of fringes with regular spacing, where D = (d/γ) (γ is the angle of rotation 
and d corresponds to a layer).  DF images of CCS display complex moiré fringes (see 
Figures 5.63b and 5.67).   
The presence of moiré fringes (as observed in CCSs) is induced by basal plane 
layering in the 100 and 110 directions. The disclination and conical helicity induce the 
moiré fringes, as the closest surfaces are superimposed on the rotated back surfaces. 
These moiré fringes appear to form a “V” shape.  The V’s apex, centered on the “c” axis, 
gives the illusion of an inverted cone structure.  This was previously reported incorrectly 











Figure 5.67. TEM images and SAED of a PAN-EGDMA CCS tip: a) DF image with 
moiré fringes due to the top set of 002 diffraction spots, b) BF image, c) DF image with 
moiré fringes due to the top set of 004 diffraction spots, d) DF image with moiré fringes 
due to bottom set of 002 diffraction spots, and e) DF image of the basal plane due to a 
crossover diffraction. 
The complexity of the CCS’s moiré fringes arises from the viewing position, the 
disclination angle, the difference in layer spacing (both super-periodicity and d002 layer 
spacing), and variable sample thickness.  Moiré fringes disappear towards the middle 
(which is the rotation axis that induces the moiré fringes).  Tilting the CCS alters the 
position of the moiré fringes. A small disclination angle reveals a small amount of wide 
moiré fringes, with equidistance spacing between the fringe lines.  These fringe lines do 
not possess straight edges, but instead reveal a diffuse edge.  As the disclination (or tilt) 
of the CCS increases, more narrow moiré fringes become visible, the spacing is still 
equidistant.  Large oblique angles have multiple moiré fringes, and, at very large tilt 
a 




angles, the line edges become more defined. When moiré fringes from different tilts are 
in close proximity, the CCS appears to have a relief texture (Figures 5.67a, c and e).  
Figure 5.67 contains BF and DF images of a PAN-EGDMA CCS, along with the 
corresponding SAEDs.  These images, of the tip, reveal the moiré fringes, as well as the 
002 and the 100 contributions to the BF image.  Figure 5.67a is the top 002 diffraction; 
Figure 5.67d is the bottom 002 diffraction.  Figure 5.67c reveals the second order 004 
spots.  These spots have an appearance similar to the DF of the 002 spots. The 004 spots, 
however, are not as intense.  The greatest difference is visible in the DF image of the 100 
diffraction crossover (Figure 5.67f).  This image does not show moiré fringes but rather 
layering and super-periodicity, as previously identified (Figures 5.52, 5.57, 5.64 and 
5.66).  Moiré fringes are noticeably absent at the edges of the CCS.  They are absent here 
because the faceting does not always reach the edges of the layers (Figure 5.49). 
5.5.5.3 CCS Raman.  Micro Raman revealed two types of crystalline order in the  
PAN-EGDMA CCSs examined.  One type shows crystallinity increasing from a nano-
crystaline base (see Figure 5.68) to monocystaline at the tip.  Raman spectra, at point 8 
(in Figure 5.68), reveals a large D peak (1354 cm
-1
) with respect to the asymmetrical G 
peak (1591 cm
-1
).  The asymmetry in the G peak (2697 cm
-1
) is the result of disorder (D’ 
peak 1623 cm
-1
, Section 5.4.7).  As the points for Raman spectra approach the tip, the D 
peak (1345 cm
-1
) diminishes, and the G peak (1571 cm
-1
) becomes more pronounced, 
with a very intense G peak at the tip.  The G’ peak (2697 cm-1) changes very little from 
the base to the tip. 
The second type was identified as nanocrystaline along the entire length of the rod 
(see Figure 5.69). The presence of a peak at ~251 cm
-1













Figure 5.68. Micro Raman spectra of a PAN-EGDMA CCS that increases from a nano-
crystalline base to a monocrystalline tip.  The inset shows the positions of the micro 
Raman analysis. 
indicate the presence of a scroll structure.  The Raman spectra did not change drastically 
as the points move from the base (point 0) to the tip (point 11, Figure 5.69).  All of the 
points exhibit Raman spectra D, G, G’, and D’ peaks.  The relative size, of the D peak to 
the G peak, did change marginally along the length of the CCS.  At the base, the D peak 
is larger than the G peak.  At the tip, the G peak is slightly taller than the D peak, 
indicating a trend towards a higher degree of graphitization.  The prominence of the 
G’peak is evident along the length of the CCS. Unlike the D’ peak in the first type, the D’ 
peak changes considerably.  At the tip, it is approximately half the size it was at the base, 





Figure 5.69. Micro Raman analysis of a PAN-EGDMA CCS, a) positions of the Raman 
analysis, b) a slight increase in crystallinity from the base (position zero) to the tip 
(position 10). 
5.5.5.4 CCS elemental analysis. Gogotsi et al.98 suggested that polyhedral carbon 
structures appear in glassy carbon when nitrogen is present.  When there is an appreciable 
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 concentration of nitrogen in PAN-EGDMA, PAN-HDDA and PBO-H-LD carbon 
aerogels they produce a large number of CCS.  However, AC, with trace nitrogen, also 
produced a large amount of CCSs.  The starting nitrogen was 100 times greater in both 
PAN-EGDMA and PAN-HDDA than it was in the AC.  Thus initial examinations 
suggest that nitrogen was not relevant to CCS growth.  A noticeable difference between 
the high and low nitrogen, precursors, was observed in the higher percentage of frustum 
shaped CCSs.   High nitrogen materials contained more frustum shaped CCSs (23% for 
PAN-HDDA) than in the low nitrogen samples (8% for AC).  In contrast the population 
of screw/scroll CCSs was reversed: 27% for AC and 9.9% for PAN-HDDA.  CHN 
analysis was performed on both DCPD and PU C- and G-aerogels (see Table 5.14). 
Interestingly, there is no nitrogen involved in the formulation of DCPD, but CCSs are 
prevalent on this sample. 
Microanalysis of CCSs collected from G-aerogels revealed only C present in the 
spectra.  EDS analysis was typically performed at the tip, base, and matrix particles, 
where available (see Figure 5.70). Although AC2300 samples were analyzed in the same 
manner, instances did occur in which other elements were present (e.g., Si, Cl, S, and Zr).  
These elements were detected in the particulate matter: they were not detected in the rod 
or rod base. ACAR particles did display trace concentrations of Si, Cl, and S.  
Microanalysis of Zr was of the Lα energy line (2.042 keV): the C Kα energy peak is 
0.277 keV,  subtraction of the carbon Kα energy line from the Zr Lα energy line was 1.77 
keV which is close to the Kα energy line of Si (1.73 keV).  This peak is believed to be an 
escape peak due to the elevated concentration of the C.  TEM microanalysis of the CCSs 












            
 
                                      
 
sample 
C wt% O wt% N wt% S  wt% 
CHN EDS CHN
a
 EDS CHN EDS EDS 
DCPD 800 90.58  8.06  1.36   
DCPD 2300 97.89±0.09  1.93±0.10  0.18±0.02   
PU800 82.58  12.14  5.28   
PU 2300 92.37±0.31 97.16 7.49±0.29 2.81 0.13±0.02 ND  
ACAR 86.48±0.02  13.1  0.28±0.04   






Oxygen concentration by difference. ND-Non detected.  Blank spaces not analyzed. 
Table 5.14. Elemental analysis for AC, DCPD and PU G-aerogels. 




Figure 5.70 EDS analysis of a CCSs on an AC particle. 
5.5.6 Other  Instances  of  CCS  Occurrences.  CCSs were observed on both the  
Grafoil™ lining and the separators.  When the C-aerogels, particulates (AC and BC) and 
were in contact with the Grafoil™, the liner and separators blackened.  These blackened 
areas extended only a short distance along the surface from the point of interaction  
SEM images of the blackened areas reveal a high concentration of CCSs (Figure 
5.12a and 5.71). Comparative images of pristine and non-blacked HTT Grafoil™ indicate 
a relatively flat, smooth, randomly layered surface (Figures 5.12b-e).  The layering is 
slightly more pronounced in the HTT surface than the pristine Grafoil™, otherwise there 
is no visual difference. CCSs on the Grafoil™ are typically short (~5 µ or less).  They are 










Figure 5.71. Grafoil™, after HTT, in contact with CB:  a) CCS developed, some with 
faceted tops, black circles, b) stacked lobed bases, directly on the Grafoil surface. 
majority of CCSs are column-shaped, with a growth direction normal to the Grafoil™ 
surface.  Most of these CCSs exhibit flat tips. A few display a faceted top, (black circles 
in Figure 5.71). 
The population density of CCS on the Grafoil™ is a marked increase as compared 
to G-aerogel population densities.  Similarly the Grafoil™ contained more pronounced 
instances of the lobed base structures than did the G-aerogels and AC (Figure 5.70b). The 
abundance of CCS on an obvious layered surface gives credence to PDI as a plausible, 
idealized model for CCS nucleation.  Figure 5.71b is an image of a torn Grafoil™ sheet 
with CCS. This image reveals that the depth of CCS interaction is limited to the top most 
layers.  Grafoil™ layers are approximately 10 graphene layers with a 3.40 nm spacing, 
bounded by larger spacings of 4.0 nm (see Figure 5.72). It is worth noting that the 
development of CCSs on Grafoil™ was contained to contact areas of the carbonaceous 











Figure 5.72. TEM image of Grafoil™: a) CCS brushed from Grafoil™ (in contact with 
CB after HTT), b) CB particles brushed from the Grafoil™, (in contact with CB after 
HTT) and c) Grafoil™ with interlayer spacing (3.35 and 4.0 nm) with a CB particle. It is 
unclear here whether or not the CB particle is connected to the Grafoil™ surface. 
CCSs were visible on Grafoil™ when in contact with all of the carbon materials, 
including CB (although CB @ 2300 ºC, however, did not exhibit CCS growth).  
Grafoil™ is used as a liner for other HTT work, with high temperature ceramic materials 




TEM imaging of material “brushed off” blackened Grafoil™ (after CB), displays 
these CCSs have the same structure as that of CCSs obtained from G-aerogels and AC 
(Figure 5.72).  The CCSs observed were identical to those seen in both the G-aerogel and 
the AC.  The CB particulate matter matches well with other CB 2300 ºC TEM images 
(Figure 5.72b). 
5.5.7 Conditions   for  CCS   Growth.    Not  all  samples  treated  to  2300 ºC  
exhibited CCS growth. This was particularly true for the CB. Plotting the percentage of 
CCSs against several parameters of the respective C- and G-aerogels revealed several 






increase in the particle size (Figure 5.73 blue line).  It also corresponded to a large 
decrease in the heteroatom’s (O and N) concentration (Figure 5.73 yellow line).  
Conversely, a decrease in the surface area almost always coincided with CCS growth 
(Figure 5.72 magenta line). 
The heteroatom loss, where the loss of nitrogen was greater than 50% of the total 
heteroatom loss, was calculated: 
 
  
     
                                                (37) 
 
There is a correlation to CCS populations, when there is a higher percentage 
nitrogen loss, samples have more CCSs: PBO-H-LD (55%), PAN-EGDMA (61.6%), and 
PAN-HDDA (58.4%) (Figure 5.73b).  A loss of heteroatoms can accompany CCS growth 
as all carbonaceous materials heated to high enough temperatures will lose all non-carbon 
species.  Interestingly, the percent loss of nitrogen does have an effect on the non-
catalytic growth of CCSs.  This has more to do with the position of the nitrogen within 
the initial polymer than the just its presence. 
Nitrogen was interstitial in the parent organic polymer aerogel backbone. Oxygen 
was either attached as an OH (RF, PBO-H-LD) moiety or doubly bonded, as in PIISO 
and PAN-EGDMA (PAN-HDDA).  PAN-EGDMA and PAN-HDDA also have oxygen 
interstitial in the original polymer. PAN organic aerogels, however, underwent an 
aromatization step prior to carbonization.  During this step, the oxygen was expelled 





Nitrogen can be found in three different configurations in carbonaceous materials, 
graphite like, pyrrolic-like and pyridinic-like, (see Figure 5.74). 
A high percentage of nitrogen loss, coupled with high porosity, likely induces 
high populations of CCSs. PBO-H-LD G-aerogel has both the highest porosity (92.4%) 
and the highest abundance of CCSs (55.5%) (Figure 5.74b). As the porosity drops, the 
quantity of CCSs decreases (PAN-HDDA G-aerogel (28%), PAN-EGDMA G-aerogel 
(12.5%) and RF G-aerogel (5%)).   Consequently,  high  porosity  (not  quantity,  but  
large  size  pores)  is necessary  for  CCS growth.   Although RF, PAN-EGDMA, and 
PAN-HDDA all have relatively the same porosity, the percentage of nitrogen loss for RF 
is quite low, at 3.9%. Intriguingly, DCPD does not contain nitrogen, though it does have 
a high incidence of CCSs.  The original structure of DCPD does not contain the aromatic 
benzene unit but instead contains cyclopentyl units.  As the DCPD undergoes pyrolysis, 
the cyclopentyl units are converted to aromatic benzene units.  During this conversion a 
number of cyclopentyl units remain unchanged.  Single cyclopentyl units would result in 
single CCSs, which are more prevalent on DCPD G-aerogels than they are on any other 
G-aerogel.  (Additional studies on the breakdown of DCPD during carbonization will 
yield the actual process by which DCPD produces graphitic domains.)  Cyclopentyl units 
that are on the edge of the emerging graphene sheets act similar to those created by 
graphene grain boundaries.  Thus, PDI is a good fit for DCPD CCS nucleation. The PBO-
H-LD G- aerogel which retains all its original polymeric nitrogen through carbonization 
has the highest concentration of CCSs. 
Reasonably, high surface area samples would have abundant places for CCS 






























Figure 5.74. Voids in G-aerogels: a) optical image of a PAN-EGDMA G-aerogel 
monolith with CCSs inside large macropores, b). graphene with nitrogen defects: red - 
pyridinic-like, green –graphite like, and blue – pyrrolic-like. 
which have low surface areas. Visually these samples have large macropores (Figure 




, but low 
CCS populations. It is not just a question of high nitrogen loss. The CCS must also have 
surface on which it can nucleate and a space on which it can grow.  The RF G-aerogel is 
so densely packed that the only space for CCS to grow, is in the cracks. 
AC is of course, an exception to this predictive model.  AC has a low nitrogen 
loss with a high CCS population.  There are several reasons for this phenomenon include 





Alternatively, temperatures achieved (during the processing) are high enough to remove 










It is therefore concluded that a threefold situation for CCS growth is necessary:  
initial small graphene units, space for CCS to grow, and loss of heteroatoms, namely 
nitrogen, to leave un-bonded carbon, supposedly, at edges of graphene planes. All 




6. CCS FIB LIFT OUT 
6.1 INTRODUCTION 
It is well known that graphite/carbon can undergo transformation when subjected 
to an energy source.
304  
This transformation can either be destructive or constructive.  
Destructive transformation can be seen in the carbon/graphite used in nuclear reactors.  
As the graphite is exposed to radiation, defects are introduced to the point of disorder in 
the graphite structure.
305  
Constructive transformation happens as an electron beam, 
incident to the sample, causes dislocations to move through the sample connecting 
discontinuous graphite planes.
217 
Carbon aerogels and activated carbon have been shown to produce protruding 
over growths when heated to 2300 ⁰C.  Characterization of these columnar carbon 
structures (CCS) by conventional scanning and transmission microscopy, (SEM, TEM) 
showed the morphology of the assemblies very well.  Useful data was gathered as to the 
shape, size, growth habit and populations were collect with these two methods.  Most of 
the CCSs were too thick to for the internal structure, across the diameter of the CCSs, to 
be adequately imaged by TEM. A representative carbon aerogel, dicyclopentadiene, was 
chosen to make a focused ion beam TEM sample.  DCPD carbon aerogel was chosen 
because the CCSs were abundant as well as relatively short and a flat substrate was 
available.  An area of the DCPD carbon aerogel was selected that had two relatively close 





A FEI dual beam Helios Nanolab 600 was used to perform a cross-section and lift 
out.  The electron beam was operated at 5 kV and 17 nA for images, while the parameters 
for the ion beam varied as to the procedure (Table 6.1).  An Omniprobe nano-manipulator 
was used to remove the sample and attach to the Omniprobe copper grid.  The cross-
section lift-out was attached to the side of one of the post on the Omnigrid.  A FEI Tecnai 
F20 transmission electron microscope was used to image the internal structure of the 
cross-section lift-out sample.  Aluminum coating was conducted using a Denton 
Discovery 18 coater at 8 m Torr of Ar gas and 300 W with a DC magnetron.  Aluminum 
coats at 32 nm min
-1
. 
6.3 EXPERIMENTAL AND DISCUSSION 
The attempt to make a FIB sample, using typical ion beam settings, Table 6.1, for 
most CCS containing materials proved to be problematic in several ways. First, it was 
destructive, when the ion beam was focused on CCSs, their integrity was compromised 
and they appeared to be melting (see Figure 6.1), and second when a cross-section was 
ion milled re-deposition of carbon was atrocious and Ga
+
 ion implantation was extremely 
high (see Figure 6.2.)  
To protect the CCSs from ion beam damage during the initial cross-sectioning and 
lift-out a protective coating of Al, 0.75 um, was deposited on the surface of the CCS and 
substrate (see Figures 6.3 and 6.4). Even after deposition of the Al and Pt re-deposition 
remained an issue (Figure 6.4).  An initial cross-section was accomplished at the typical 
accelerating voltage, 30 kV and beam current, 6.5 nA (Figure 6.4).  High voltage and 
high current were used because previous cuts indicated the CCS were protected from loss 
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Table 6.1. FIB procedure and parameters for carbon lift out. 
 
procedure Ion beam,  kV
a
 Ion beam curr.,  nA
b
 
Pt deposition 30(30) 0.92(2.8) 
Initial Cross-section 30(30) 6.5(11) 
Thinning Rectangle 30(30) 2.8(6.5) 
Cleaning  30(30) 0.92(2.8) 
Final Cleaning  16(30) 0.47(0.92) 
U-Cut 30(30) *6.5(11) 
Rectangle cleaning 1 16(30) 43 pA(2.8) 
Rectangle cleaning 2 16(30) 2.8 pA(2.8) 
Cross-Section 
Cleaning 1 16(30) 2.8 pA(2.8) 
Cross-Section 
Cleaning 2 5(30) **0.45(43 pA) 
Cross-Section 
Cleaning 3 16(30) 2.8 pA(43 pA) 
a
Values in parenthesis are typical lab ion beam values for lift outs of most 
materials, 
b
 Value in parenthesis are typical lab ion current values for lifts of 
most materials *caused major re-deposition on cleaned surface, **caused 



























Figure 6.2. Elemental maps of a G-aerogel cross-section: red (Ga re-deposition), green 
(C), blue (Pt overlay strip and some redeposition). 
 






Figure 6.4. FIB cross-sectional cut of a DCPD CCS cluster, with substrate, after Al 
deposition. (Al coating approximately 0.75 um thick, red arrows. Re-deposition, blue 
arrows). 
of integrity with the Al coating (Figure 6.4). After the initial cross-section successive 
thinning and cleaning steps were conducted at lower ion beam currents to lessen the re-
deposition and Ga
+
 implantation.  Cleaning steps were performed between thinning to 
check for any damage was to the CCS and carbon substrate. The closest cut face, after 
each cleaning step, was checked with EDS, Ga was only detected in the larger voids.  Re-
deposition continued to be a major issue throughout the thinning and cleaning steps.  
Using lower currents with multiple thinning and cleaning steps (four thinning and 
cleaning steps) the time for a cross-section and lift out was approximately 7 hours. 
When the sample was deemed thin enough for a lift out, 1.5 micron, a U-cut was 
performed using typical ion beam accelerating voltage and current (30 kV and 6.5 nA).  
After the U-cut, the re-deposition was so thick, the carbon substrate and CCS features 
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were totally covered (see Figure 6.5). The sample was intentionally left thick to insure 




Figure 6.5 Ion beam image of the FIB lift out area after the U-cut.  Features of the CCS 
and substrate are obscured due to re-deposition. 
when attached to the TEM grid. Ion beam parameters for the final thinning and cleaning 
are listed in Table 6.1. 
Once the lift out was secure on the TEM grid, cleaning and thinning proceeded 
with caution (see Figure 6.6). Initially a thinning rectangle was done to both sides, to thin 
the sample even more.  When the sample was approximately 1.5 microns across it was 
lifted out.  Thinning of the sample, after attachment to the grid, was done to achieve the 
ideal thickness of the sample (100 nm).  The areas to be thinned were the CCS clusters 
attached to the substrate and a section of bare substrate.  Upon thinning of the sample the 
tops of the CCSs were destroyed (because the sample was attached at an odd angle on a 
slightly bent grid post, making lining up of the area to be removed with the ion beam a bit 
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tricky).  The area between the two clusters was thinned for analysis of the matrix material 
(Figure 6.7, black circle).  Unfortunately the areas where the CCS clusters attached to the 
substrate were not thin enough to provide internal structure in HRTEM images.  After the 
final thinning there is still some aluminum visible on the outer edges of the strucures 




Figure 6.6. FIB cleaning sequence for the TEM cross-section: a) attached to grid prior to 
any thinning or cleaning, b)initial thinning at 16 kV 43 pA, c) continued thinning at 16 
kV 43 pA, removal of the re-deposition, d) after final cleaning at 16 kV 2.8 nA, this 












Figure 6.7. DCPD G-aerogel TEM cross-section: a) areas of higher magnification, b) 002 dark field image of a large CCS, c) 
high magnification of the internal structure of a second large CCS showing super-periodicity with the SAED of the center area, 










Although the base of the cluster did not provide good images of the interface, 
microanalysis of the area showed the only element present at this site was carbon (see 
Figure 6.8).  Likewise microanalysis of the large crystallites showed only carbon present.  
Total time for cross-section and lift out was approximately 24 hours. 
Further characterization of the cross-section revealed large crystallites in the 
substrate dispersed throughout.  Where there was a void, or near the surface, these 
















Figure 6.8 Areas of microanalysis on the DCPD G-aerogel TEM cross-section: a) base of 





were short order carbon units (Section 5.4.5).  Sizes of the crystallites varied from 20 - 85 
nm across and up to 1 µ in length.  The number of the graphitic layers, in the ribbons 
making up the crystallites was 8 to 50, with a spacing of 3.50 Å.  Even though the bases 
of the CCS were too thick for good images, bundles of large crystallites are at the base of 
the CCS clusters (Figure 6.8a).  Upon close inspection of these large crystallites they 
appeared to be loose coils of graphite ribbons, similar to a spring form. Voids were seen 
through the substrate during the cross-sectioning.   After thinning, it was observed that 
the majority of the voids was approximately one micron below the surface and tended to 
increase in size and number the further away from the surface (Figure 6.6). 
HRTEM of the interior or core of a large CCS showed that the apex shape was not 
the same as previously reported tip apexes of conical helical CCSs (see Figure 
6.10).
161,163,199
  The interior structure showed three distinct angles present in this area.  A 
smaller apex, (127.16º) is on top of an extrapolated apex (138.36º), and a third, larger, 
angle (163.75º), is off center are present.  These features indicate one the interior has 
faceting and two; the smaller apex is due to the disclination angle of the helically 
wrapped graphene sheets. An apex angle of 143.96º, lower in the CCS, does not have 
multiple angles and is more in line with previously reported apex shapes. 
161,163,199
  The 
extrapolated angle (138.36º) and the lower (143.96º) angle are all with in reported apex 
values for conical helically wrapped graphene sheets.
161,163,199
 
Two levels of super-periodicity are clearly seen in Figure 6.6c and Figure 6.10b, 
with one level of super-periodicity at 17 layers.  The second level of super-periodicity has 





Figure 6.9.  Crystallites in DCPD G- aerogel substrate: a) increased concentration of the 





Figure 6.10. Interior apex angles from the right end CCS on the DCPD TEM cross-
section: a) with three distinct angles, inset shows the 002 lattice spacing and b) no 




of the larger super-periodicity of approximately 1.3 nm to accommodate re-occurring 
faceting (Figure 6.10). The spacing of the graphene planes is 3.35 Å (Figure 6.10a inset).  
This lattice spacing, in the interior, is virtually the same as that of graphite, 3.349 Å.  
With the spacing of the graphene planes close to graphite and the lattice spacing in the 
large crystallites at 3.49 Å indicates that the cleaning procedure with the Ga
+
 ion beam 
lower accelerating voltage and beam current, has not damaged the CCS carbon structure.  
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7. POLYBENZOXAZINE CARBON AEROGELS TO GRAPHITE AEROGELS 
Organic aerogels, from the condensation of resorcinol formaldehyde (RF), and 
especially the carbon and graphite aerogels, derived from them, are leading nanoporous 
materials. What makes them so sought after is the ability to tune the nanoporosity by 
merely modifying the initial chemical reactions.
263,306,307
  The resulting carbon and 
graphite aerogels receive substantial attention in materials science and commercial 
applications. Another aspect that makes this process attractive is the low cost of the 
starting materials with respect to the cost of other reported organic aerogels to carbon 
processes.  
An alternative organic aerogel precursor to carbon aerogels with low cost is 
polybenzoxazines (PBO).
308
  PBO-based materials have attracted the notice of several 
researchers in the polymer and aerogel field.  An increased interest in PBOs is due to 
their properties, which overcome several short-comings of traditional novolac and resole-
type phenolic resins while not compromising their advantages.  Their attractiveness is 
due to: 
(i) low shrinkage upon curing,  
(ii) hygroscopic  
(iii) some polybenzoxazines materials have a Tg greater than the curing 
temperature 
(iv) high char yield 
(v) release of no byproduct during curing 
(vi) high temperature stability  
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(vii) mechanical performance.309 
Ring opening polymerization of the benzoxazine (BO) monomers at raised 




      …(38) 
 
As with RF aerogels, altered processing of the BO monomer can yield different 
microstructures.  PBOs typically prepared via thermally induced ring-opening 
polymerization of BO monomers is a time consuming process taking several days to 
complete. A newly developed method where acid catalyzed polymerization of the BO 
monomer was carried out at room temperature, reduced the gelation time from several 
days to a couple of hours. Chemically acid catalyzed PBO aerogels [14] are found to be 
somewhat different from conventional heat-induced PBO aerogels.  They possess better 
properties in terms of surface area and thermal stability.   These enhanced properties can 
be directly related to increased cross linking.  In addition to polymerization at the ortho 
position, the HCl-catalyzed process engages the para-position leading to a higher degree 
of crosslinking.  Resulting HCl-catalyzed PBO aerogels [14] are comprised of smaller 
















Both heat and acid produced PBO aerogels can be carbonized, with efficiencies 
up to 61% w/w, to produce C-aerogels.  The nano-morphology and the pore structure of 
these C-aerogels were found to be contingent on a pre-carbonization curing step at 200 ºC 
in air. Analogous to the pre-carbonization step, necessary for satisfactory carbonization 
processing, of polyacrylonitrile this step also oxidizes the -CH2- bridges along the 
polymeric backbone and fuses aromatic rings in the PBO organic aerogels. C-aerogels, 
from cured PBO aerogels, are microscopically similar to their respective precursor 
organic aerogels, however, they have significantly improved surface areas (HCl-








) where the 
increase is attributed to newly created micropores.
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Previous carbonization/graphitization of other organic aerogels (Section 5), 
including low density thermally induced PBO, results in up to 40% graphitization (based 
on XRD data).  Graphitization of the newly developed acid-catalyzed C-aerogels was 
conducted to determine if the increased crosslinking would have any effect on the percent 
of graphitized carbon and population of CCS. CCSs were formed not only on the low 
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density heat catalyzed PBO C-aerogel but also formed on the high density acid catalyzed 
PBO C-aerogel. 
7.1 EXPERIMENTAL 
Using the traditional method, with heat induced polymerization, and the newly 
developed acid polymerization, high and low density PBO aerogels were created.  See 
Table 5.1 for a description of PBO sample designations. A brief schematic for the 
graphitization for the acid and heat PBO organic aerogels is seen in Figure 7.1. 
7.2 CARBONIZATION OF PBO AEROGELS  
Polybenzoxazine organic aerogels fulfills the criteria for carbonizable polymers 
with aromatizable units and just one carbon between aromatic rings.
310.
 Char yield for the 




 Traditional heat and acid PBO 
aerogel monoliths were carbonized in the same fashion as the previously discussed C-






7.3 GRAPHITIZATION OF PBO-DERIVED POROUS CARBONS 
Graphitization also proceeded in the same way as previously discussed (Section 
5.3.2), in a hot-zone graphite furnace (Thermal Technologies Inc., Model: 1000-3060- 




).  All PBO G-aerogels remain monolithic after HTT. 
Degree of graphitization for PBO acid and heat catalyzed G-aerogels was illustrated with 
XRD, Raman spectroscopy, and HRTEM.  Morphological structures of PBO acid and 
heat catalyze G-aerogels were probed with SEM and N2 sorption analysis. A 




Figure 7.1. Schematic for the heat and acid polymerization of the BO monomer through 
to graphitization. 
7.3.1 PBO  Particle  Sizes and  Porosity.   Microscopically, all PBO G-aerogels  
consist of coarse sized particles (<100 nm in diameter) (see Figure 7.2). Their size is 
attributed to annealing of the small graphite units during HTT.
76
   Surface area drops pre- 
cipitously for these samples after heat treatment. Only exception is for PBO-H-LD G-
aerogel, which retains its parent carbon aerogel surface area even after HTT (see Table 
7.1).  
All PBO G-aerogels appear macroporus and SEM images indicate a relatively 
























































PBO-A-LD C   0.121 1.894 93 516 (417) 9.4 3.07 42 
PBO-A-LD G 23 13 [52] 0.154 1.559 ± 0.015 90.1 22.7 11.8 [1031] 84.7 35 
PBO-A-HD C   0.886 1.870 53 348 (258) 15.3 4.61 44.4 
PBO-A-HD G 30 5 [55] 0.901 1.463 ± 0.005 38.4 62.1 18.8 [27] 33.0 49.5 
PBO-H-LD C  40 0.09 1.655 94 61 (7)  29.7 56 
PBO-H-LD G 30 20 [58] 0.098 1.306 ± 0.029 92.4 40.7 11.5 [927] 56.0 61.1 
PBO-H-HD C  46 0.450 1.790 75 372 (301)  4.50 83.3 











             
Figure 7.2. SEM images of PBO C-and G-aerogels: a) PBO-A-LD C-aerogel, b) PBO-A-LD G-aerogel, c) PBO-A-HD C-aerogel, d) 












consistently smaller particles than the corresponding PBOH series.  PBO-A-LD and 
PBO-H-HD G-aerogels display slightly different morphologies, than PBO-A-HD and 
PBO-H-LD, the particles appear fused in more rod-like structures with spheroid particles 
attached along the perimeter, rather than fused spherical particles (Figures 7.2d and h).  
Mean particle sizes, measured from PBO-A-LD and PBO-H-HD G-aerogels, are 
considerably less than the BET calculated values, approximately one fourth the BET 
calculated particle sizes, (35 nm versus 169.4 nm and 54.25 nm versus 191.6 nm 
respectively) (Table 7.1).  Differences can be due to the difficulty in measuring the rod 
like particles from SEM images.  PBO-A-HD G-aerogel has a measured average particle 
size of 49.5 nm with a particle range of 37- 65 nm, which agrees well with the BET 
calculated particle sizes and PBO-H-LD measured particles are approximately one half 
the calculated BET particle sizes, (61 nm versus 112 nm). 
7.3.2  PBO   TEM.   Explicit  evidence  of  graphitization  comes  from  HRTEM.  
HRTEM  images of PBO C-aerogels reveal materials consisting of small, single, bi- and 
tri- layer, graphene units (0.4 to 4.5 nm in length) (see Figures 7.3 and 7.4).  PBO-A-LD 
appears to have the smallest graphene units with most units less than 2.5 nm in length, 
whereas the PBO-A-HD C-aerogel has graphene units more in the 2-3 nm range. 
Conversely the PBO-H-LD C-aerogel has graphene units from 0.45 to 3.96 nm with the 
majority of the graphene units 2.50 nm in length (Figure 7.3c, Table 7.2). 
PBO G-aerogels present archetypical intertwined ribbon-like crystallites, as seen 
in other G-aerogels in Section 5 (see Figure 7.5).  Low density PBO G-aerogels HRTEM 
images display larger crystallites than the analogous high density G-aerogels (Figures 7.4 
a and c).   Combination  of ρb and ρs yields porosities within the range of 38-93% v/v, not
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Figure 7.3. TEM PBOH C-aerogels series: a) – c) PBO low density, d) – f) PBO high 
density. 
Figure 7.4. TEM PBOA C-aerogels series:  a) – c) PBO low density, d) – f) PBO high 
density. 
a 
f e d 
c b 
a 




very different from those of the parent C-aerogels (Table 7.1).  N2 sorption isotherm of 
all the PBO G-aerogels indicates macroporosity.  Quantitative analysis by N2 sorption 




. Overall, PBO G-aerogels 
possess all three kinds of pores: micropores (early rise in volume adsorbed at low partial 
pressure), mesopores (presence of hysteresis loop) and macropores (second quick rise of 
the volume adsorbed above P/Po ~ 0.9) (Figure 7.5). Further analysis of the N2 sorption 
isotherms and HRTEMs indicates that average pore diameters calculated, with all 
methods, fall within the same range for high density carbon samples indicating some 
macroporosity. HRTEM images show bimodal mesoporosity, with the largest pores from 
inter-particle voids and the smallest due to intra-particle voids (see Table 7.3). 
 
 



















7.3.3 PBO  SAXS.  Additionally, PBO G-aerogels  were  analyzed with SAXS  to 
obtain the dimensions of the primary particles present (Table 7.1).  To determine the 
change in features, SAXS curves for C-aerogels were compared to the G-aerogel SAXS 
curves.  The features in the SAXS curves for each of the PBOA(H) C- and G-aerogels are  
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Figure 7.5. HRTEM and BET sorption isotherms for PBO G-aerogels: a) PBO-H-LD, b) 







characteristic of disordered carbon.
273,274
  SAXS data show parent PBO C-aerogels curves 
with two regions.  Primary particle diameters are found to be ~101.8 nm from Guinier 
knee, which matches with SEM. The slope of the linear region is slightly more than 4, 
indicating variable densities at the surface from the presence of numerous micropores 
(Figure 7.6, Table 7.4). 
SAXS curves for PBO-H-LH and PBO-A-LD C- and G-aerogel do not reach a 
constant value because the particles are too large or there is an increase in mesoporosity 
(Figure 7.4 and Appendix D).
241
  However the SAXS curves for PBO-H-HD and PBO-A-
HDC- and G-aerogels trend towards a qmin which indicates the presence of secondary 
particles (Figure 7.6). 
 
 
Table 7.3. HRTEM measured mean pore size of PBOA(H) series. 
 
 
PBO-A-LD PBO-A-HD PBO-H-LD PBO-H-HD 
Mean Pore 
diameter, nm 










() Intra particle void size 
 
 
7.3.4 PBO Crystallinity.  All PBO G-aerogels' XRD data have definable crystal 
line peaks at 2θ~26º and 42.5º, corresponding to (002) and (101) diffractions of 
hexagonal graphite (see Figure 7.7).  The base of the peaks show considerable 













Table 7.4 Selected SAXS values for PBOA(H)  G-aerogels 
 
sample Level RG, nm P 
PBO-A-LD 1 2.31±0.007 3.588±0.57 
 2 34.61±5.46 4.56±0.005 
PBO-A-HD 1 17.88±0.008 4.058±0.037 
 2 32.08±0.78 4.75±0.012 
PBO-H-LD 1 15.26±0.08 3.30±0.455 
 2 418.78±104 4.00±0.17 
PBO-H-HD 1 13.94 3.99±0.035 
 2 42.37 4.39±0.079 
 
 
present. Contributions of each type of carbon are determined by peak fitting (Section 
5.4.5).  XRD (002) peak PBO G-aerogel peaks are fitted with Lorentzian functions for 
the Ac, Tc, and Gc influences (Table 7.5).  XRD 2 lines used for the peak fitting routine 






Figure 7.7. PBO G-aerogels XRD plots:  a) heat catalyzed and b) acid catalyzed. (Bottom 




were similar to those observed in the other C-and G-aerogels.  Both PBO-H-HD and 
PBO-H- LD had the highest Gc content at 75% and 39%, respectively, although the base 
for PBO-H-HD was fairly broad, indicating a high percentage of graphite nano-
crystallites.  PBO-A-LD had the lowest Gc (8.43%) with the highest in PBO-A-HD (23.6 
%). Once again, the XRD patterns show, the high density PBO displayed a broad base 
indicating more graphite nano-crystallites than the narrower based low density PBO.  All 
PBO G-aerogels contained approximately 50% Tc, with the exception of PBO-H-HD 
(13.9%).  Both acid G-aerogels contained approximately 50% Ac, (PBO-H-LD at 36% 
and PBO-H-HD at 1%). 
 




Ac, %  Tc, %  Gc, %  
PBO-H-HD G 1.0 26.0 75.0 
PBO-H-LD G 46.47 13.92 39.6 
PBO-A-HD G 36.1 40.3 23.6 
PBO-A-LD G 50.5 41.04 8.43 
 
 
Calculated interlayer spacing from: 
 
     
  
     
                                                        (39) 
 
where n=1 (an integer), λ is the wavelength of the incident X-ray (1.54 for Cu Kα), d is 
the spacing between the planes and θ is the angle (between the incident ray and scattering 
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planes in radians).  The interlayer (002) spacing is approximately 3.44 Å for all PBO G-
aerogels matching with (002) planes of graphite (3.35 Å).
254
  Mean stack height of the 
graphene sheets in the G-aerogel graphite crystallites (Lc), was obtained by applying 
Scherrer’s equation95 (eq. 17): 
 
 Lc =kλ/ B cos θ                                                       (17) 
 
to the (002) diffraction peak at 2θ = 26o where B is the FWHM (in radians), k is the 
Scherrer constant
95
, for the (002) peak, 0.94 rad. The crystallite width (La), is usually 
calculated via the Scherrer equation
95
 from the (100) diffraction peaks (with k=1.84).
311
  
Unfortunately the (100) diffraction peak is not well defined in the XRD spectra.  Raman 
spectroscopy was utilized to calculate the breadth of crystallites by, La, from Knight’s 
empirical formula (eq. 15): 
 
         .    






                               (15) 
 
which uses intensity ratios of disordered and ordered carbon to determine the La value.
258
  
All PBO G-aerogels treated samples exhibit three dominant peaks: a D peak ~1350 cm 
-1
 
assigned to the breathing mode of A1g symmetry (defect structure of graphite), a G peak 
~1580 cm
-1
 assigned to the C-C bond stretching of E2g symmetry (normal graphite 
structure) and a 2D peak ~2700 cm
-1
 (second overtone of the D peak (see Figure 7.8). 
All of the treated samples show the disordered carbon D peak less in intensity 
than that of 800 
o







as D´ peak, and attributed to microcrystalline graphite.
57,257
  For G-aerogels, ratio of the 
integral intensities of the D and G peaks (ID/ IG) increased, with a narrow distribution 








Figure 7.8. PBO C and G-aerogels Raman spectra:  a) heat catalyzed and b) acid 
catalyzed. 
Table 7.6. XRD, Raman and TEM Data for PBO(H, A) G-aerogels.  
 
sample 
XRD Raman TEM 
















PBO-H-HD G 25.85 0.3444 28.9 24.35 1.58 0.344 
PBO-H-LD G 25.85 0.3444 77.4 24.65 1.50 0.341 
PBO-A-HD G 25.46 0.3494 22.6 17.83 2.15 0.353 







The graphite ribbons observed in the PBOA (LD and HD) G-aerogels show up to 
12 layers which agree quite well with the calculated Lc from XRD data.  Layered 
graphene is viewed around voids (3 -15 nm) in diameter in PBO-A-LD G-aerogel with 
smaller voids (2-9.5 nm) in the PBO-A-HD G-aerogel (see Table 7.6). These size voids 
are mesoporous, micropores are seen where the stacks of graphene ribbons meet and 
incorporate defects (see Figure 7.9).   Overall, XRD, Raman and HRTEM, data confirms 
the graphitization process, of PBO organic aerogels, at 2300 ºC. 
Other carbon structures detected in PBO-H-HD samples are graphene sheets (see 
Figure 7.10).  Graphene sheets look as if they were rumpled sheets of paper similar to the 






Figure 7.9. Defects in PBO-A-LD G-aerogel (red arrow) and mesopores (blue arrow). 
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7.4 PBO COLUMNAR CARBON STRUCTURES 
After HHT of the acid PBO C-aerogels only PBO-A-HD exhibited CCS growth. 
As reported in Section 5.5 the CCSs resemble certain cone-shaped assemblies found in 
natural graphite and phenolic glassy carbon.
107,313




Figure 7.10. TEM image of graphene sheets in PBO-H-HD G-aerogel. 
to either low density or high density samples it would be an easier task to explain their 
existence. Suffice it to say the CCSs on PBO-H-LD are larger and have more defined 
shapes as opposed to the smaller CCSs on PBO-A-HD.  Not only are the CCSs smaller, 




Distinct differences in micropore surface area and skeletal density is present in 
PBO-H-LD C-aerogel than the other PBO C-aerogels.  PBO-A-HD has the highest 




), smallest particle size (66 nm) with 
the largest average pore diameter (18.8 nm) (Table 7.1).  Formation of CCSs is only 
possible when the parent aerogel possesses appropriate space for uninterrupted growth of 
CCSs (Section 5.5.8).  Curiously, all PBOA C-aerogels show closed porosity leading to a 
lower skeletal density than that of amorphous carbon (1.8-1.9 g cm
-3
). These closed pores 
are directly related to the growth of the graphene sheets
258
 which also facilitates the 
inclusion of cyclopentyl defects and disclinations, and ultimately CCS formation in G-
aerogels. Therefore PBOA C-aerogels owe a major fraction of their exposed surface area 
to open micropores, < 2 nm
174
, with the exception of PBO-H-LD.  
Microanalysis of the PBOA C-aerogels showed residual Cl present in trace 
amounts (see Table 7.7).  EDS of the same material after graphitization showed no Cl 
present.  CHN elemental data confirm the depletion of heteroatoms during HTT of all the 
PBO C-aerogels (Table 7.7).  Interestingly, both PBO-H-LD and PBO-A-HD heteroatom 
loss is over 50% nitrogen.  Percentage of nitrogen heteroatom loss for PBO-A-LD and 





 (Table 7.1).  This is consistent with the findings for other G-aerogels that exhibit 












Table 7.7. Selected elemental analysis data for PBO samples. 
 
sample ID % C % H % N % O % Cl True Values 
a
 
 CHN EDS CHN EDS CHN EDS CHN EDS CHN EDS % C % H % N % O b % Cl b 







e c f c,f 










0.04 82.23 1.58 3.48 12.49 0.21 
PBO-A-LD-G 98.60  ND 
d 
0.19 
c g c g 
ND 98.6 ND 0.19 1.27 
f 






0.53 87.23 0.78 5.55 5.55 0.89 
PBO-A-HD-G 98.75  ND 
 
ND  
g c g 







c g c f c,f 







 g C f c,f 







c g c f c,f 







 g c g c,f 
99.1 ND 0.25 0.66 
f 
a. True Values for C, H, N are considered those obtained by CHN elemental analysis.  b. The residual %weight of the CHN analysis was allocated to %O and %Cl based on energy dispersive 
spectroscopic (EDS) analysis. Thus, %O + %Cl = 100-%CHN; this equation comprises a system with the weight Percent ratio %O : %Cl, which is obtained from the EDS data, and allows calculation of 
the two values. c. Not conducted. d. Not available through EDS. e. Value calculated from the difference: %O=100-%CHN. f. Sample does not contain chlorine. g. Not available through CHN analysis. 









The adaptability of carbon originates from is ability to form bonds using various 







 One of the most widely commercialized forms 
of carbon is activated carbon (AC), used as an absorbent, (treating poisonings) to 
electronic materials (as a super capacitor).
306,314,315
  Properties of AC make it especially 
suited to these types of applications, due to large surface areas, high pore volume, and 
chemical-modifiable surface, resulting in high adsorption capacities.
316
 AC has been 
described as a non-crystalline material (amorphous) with an extremely complex 






 bonding and is moderate electronegativity, which 
allows for strong covalent interactions with other elements.
316
  A variety of precursors are 
used to produce AC, including, nut shells, peat, coconut husks and petroleum pitch. AC 
has diverse porosity, comprising of micro- to macroporosity.  Microporosity is due to the 
inclusion of turbostratic graphite-like material and defects, whereby graphene layers are 
separated by one or two nanometers. These small voids offer excellent environments for 
adsorption, as adsorbing material can interact with many surfaces concurrently.  
Carbonaceous materials can be converted to graphitic materials by annealing.
76,179
  
Annealing, at high temperatures (950–2700 °C), is known to change the porosity, texture, 
and degree of crystallinity of AC and C-aerogels.
261
 
Characterization of an AC and PBO-H-LD, subjected to 2300 ⁰C treatment, 
presented micron sized CCSs, with a moderate length to diameter aspect ratio of 3-5, 
229 
 
(Section 5.5). These CCSs were embedded in the particulate matrix (Figure 5.40c). It is 
supposed that these CCS are due to pentagon disclination inclusion (PDI, Section 5.2), an 
idealized mechanism whereby graphene grains growth is due to localized carbon vapor 
and carbon diffusion.  Controlled vapor grown carbon has been in existence for greater 
than 70 years. Tibbetts investigated the vapor growth mechanisms for the nucleation, 
growth, and lengthening of carbon fibers on iron catalyst particles employing various 
gases.
317,318,319
  Although the basic descriptions of Tibbetts’317,318,319 fibers is similar to 
the CCSs of this report they are not the same.  The CCSs in this report are conically 
arranged graphitic layers stacked in a spiral fashion with a noticeable absence of a 
catalyst particle and without an obvious external source of carbon.  Other nano- to 
micrometer-sized rod-like carbon structures appearing during the pyrolysis of 
carbonaceous materials has been reported since the 1940’s, Section 4.3. Amelinckx et 
al.
151
 suggested growth was by a mechanism where an initial graphene layer assumes a 
slitted dome-shaped configuration by way of removing a sector, ß, consequently a 
pentagon structure is introduced into a hexagonal network, and whereby succeeding 
graphene layers rotate, over a continual angle, with respect to the preceding one.  This 
model results in a helical “cone” around a disclination with a pentagon structure at the 
hub. This model explains the growth of the carbon rods very well but it does little to 
explain how the ß sector is removed or induced originally. The appearance of CCS, on 
AC and PBO particles, was by happenstance, thus controlled population and growth of 
the CCSs for harvesting and future uses would be desirable. Due to the degree of 






PDI is reasoned to be the mechanism by which the CCS grows on the particulate 
matter by the fast growth of small graphene units, or PAHs, into larger graphene grains.  
One such PAH, known to exist in soot,
321
 which contains a pentagonal unit is 
corannulene [15] (chemical formula C20H10). Corannulene is part of a group of closed 
rings molecules consisting of benzenes called circulenes, whereas corannulene is bowl-
shaped other circulenes are planar, coronene
322
 [16], and yet others have unique saddle-
shaped structure, circulene [17]. Corannulene is also classified as a member of a 
collection of compounds belonging to a larger class of geodesic polyarenes
323
, named due 
to their intrinsic similarity to geodesic structures by Buckminster Fuller. Theoretically 
circulene compounds are related to helicenes [18], which are ortho-condensed polycyclic 
aromatic compounds in which benzene rings or other aromatics are angularly annulated 
imparting helically-shaped molecules with dihedral angles between the extremities of 
26°, 30°, and 58°.
324,325
 
Corannulene [15] molecule consists of a cyclopentane ring fused with 5 benzene 
rings.
270
  According to this model corannulene is constructed of an aromatic 6 electron 
cyclopentadienyl anion surrounded by an aromatic 14 electron annulenyl cation. It is of 
scientific interest because as a geodesic polyarene it can be considered a fragment of a 
buckminsterfullerene. Corannulene, has a bowl shape (Figure 8.1) is also known as a 
Bucky bowl.
326
 Aromaticity for this compound can be described with the suggested 
annulene-within-an-annulene model; annulenes are the family of entirely conjugated, 
monocyclic hydrocarbons.  Barth and Lawton suggested this model after the first lengthy 
synthesis of corannulene in 1966.
327,328
  They also coined the common name 








Figure 8.1 Ball and stick figure of bowl shaped corannulene molecule. 
annulene.
329,330
  In 1997, Dr. Lawrence Scott and his group were able to synthesis 




Curved PAH like structures are currently present in HTT AC and PBO can be 
seen in Figure 8.2. Curved graphene sheets, in HTT AC have been attributed to 
incorporated pentagons in the otherwise planer sheets.
334
 It is reasonable to assume that 
some of the curvature in these material is due to already present corannulene 
structures.
321,335,336,337
  In an effort to control the quantity, quality, and shape of the 
aforementioned CCSs, corannulene was chosen to attach to the surfaces of AC and PBO-
H-LD C-aerogel.  The reactivity of corannulene by wet chemistry is now fairly 
understood and used in a host of chemical synthesis.  Corannulene has been shown to be  




Figure 8.2. Curved structures in AC post 2300 ⁰C treatment. 
an electron acceptor
324,325,338,339 
and work has been conducted where corannulene 
molecules were successfully grafted onto a copper substrate resulting in pentagonal 
tiling.
56
  Synthetic methods are sparse for attachment of five-membered rings onto the 
perimeters of PAHs.
340
  Work has been done using halogenated corannulenes as scaffolds 





Two methods were pursued to graft corannulene onto the surface of AC with only 
one method used for PBO C-aerogel.  The method used with both AC and PBO C-
aerogel, employed heating ground AC and PBO C-aerogel, with corannulene, in an 
evacuated modified quartz tube (Appendix A) at 800 ⁰C and 1100 ⁰C and the second, 
applied wet chemistry whereby the corannulene was brominated and affixed to the carbon 
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substrate at ambient room temperature and pressure.  To produce a brominated 




Scheme 1: Synthesis of bromocorannulene (BRCOR) 
 
 









where AlCl3 is a Lewis base catalyst for driving the reaction to the right.  Recent reports 





  The products in both regimes were subjected to 2300 ⁰C as a final 
treatment (Section 5.3.3).  These products are compared to AC and PBO-H-LD samples 
previously subjected to 2300 ⁰C without pre-treatment. Designations of the samples are 
listed in Table 8.1.  A carbon black (CB) sample from Cabot was also treated in the same 
fashion as AC and PBO-H-LD (Table 8.1). 
 
 
Table 8.1. Sample designations for AC, CB, and PBO with corannulene and bromo-
corannulene. 
 
Designation Starting material Treatment 
ACBC AC Bromocorannulene pre-treatment 
ACNBC AC Solvent used for bromocorannulene 
AC8C AC 
Vacuum treated at 800 ⁰C with 
corannulene 
AC8 AC Vacuum treated at 800 ⁰C 
AC11C AC 
Vacuum treated at 1100 ⁰C with 
corannulene 
AC11 AC Vacuum treated at 1100 ⁰C 
ACAR AC As received heated to 2300 ⁰C  
PBO8C PBO-H-LD 
Vacuum treated at 800 ⁰C with 
corannulene 
PBO8 PBO-H-LD Vacuum treated at 800 ⁰C 
PBO PBO-H-LD Pyrolyzed PBO aerogel 
CB8C CB 
Vacuum treated at 800 ⁰C with 
corannulene 
CB8 CB Vacuum treated at 800 ⁰C 
CBAR CB As received heated to 2300 ⁰C 
 
 
All commercial chemicals and solvents were used as received without further 
purification unless otherwise noted. Corannulene, received from Dr. L. Scott, Boston 
College, was used as received.  Activated carbon, CAS #161551, typically employed for 
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de-coloration, was from Sigma-Aldrich, CAS No. 7440-44-0, also known as activated 
charcoal, derived from pyrolysis of wood, coal, or petroleum pitch.   Bromo-corannulene 
was achieved by the direct bromination of corannulene [15], with IBr, 1.9 molar 
equivalents, 0.1 M in dichloromethane, at room temperature with a 99% yield. When the 
concentration of IBr is increased the product becomes a mixture of di- and possibly tri-
bromocorannulene in yields of ~90% with the only other significant contaminant as 
unreacted corannulene. It should be noted that the presence of di-bromocorannulene can 
contain up to seven possible isomers
341
 the NMR was conducted on the produced 
BRCOR with no appreciable corannulene peaks observed, BRCOR peaks are present as 
other peaks thought to result from di-bromocorannulene isomers.  The synthesized 
BRCOR was re-dissolved in CH2Cl2, 2.5 x 10
-4
 molar equivalent in 2.1 x 10
-5
 M CH2Cl2 
(pale yellow solution), and added to 50 mg of ground AC and agitated for three hours at 
RT to affix the corannulene to the carbon substrates.
343
 
Alongside this step 0.495 gm samples of AC, PBO-H-LD, and CB were ground 
together with 5 mg corannulene.  These samples and 0.5 gm of ground AC, PBO-H-LD 
and CB were then vacuum sealed in a modified quartz tube for heat treatments, in an 
effort to incorporate the corannulene onto the carbon backbone, without the sublimation 
of the corannulene
345
.  The quartz tubes were heated to 800 ⁰C and 1100 ⁰C in a MTI 
GSL1600X-80 tube furnace as follows: temperature was raised from ambient to 300 ˚C 
within 2 h, maintained at that level for 1 h, then further raised to 800 ˚C, (1100 ⁰C) within 
2 h and maintained at that level for 10 h after 10 h the power to the furnace was 
disconnected allowing slow cooling back to room temperature approximately 10 h.  The 
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quartz tubes were opened and the carbons were washed with chloroform and checked for 
the presence of corannulene. 
Both sets of each sample were then placed in, approximately 1.5 cm
2
, open boats 
constructed out of Grafoil™. These boats were placed in a Grafoil™ lined, graphite 
crucible in segregated sections (see Figure 8.3), and inserted into a hot-zone graphite 
furnace (Thermal Technologies Inc., Model: 1000-3060-FP20) under a He atmosphere (4 
cm
3
/min).  The temperature was ramped from room temperature to 400 ˚C at the rate 40 




Figure 8.3. Schematic of the Grafoil™ boats in the graphite crucible. 
period of 36 h. After 36 h, the furnace was allowed to cool to RT at its normal rate 
(overnight). Liquid NMR was obtained with a 400 MHz Varian Unity Inova NMR  
instrument (100 MHz carbon frequency) on the BRCOR Cl2CH2 reaction  liquid and 




Light microscopy was a screening tool for further microscopic analysis utilizing a 
KH 3000 digital microscope by Hirox, Figure 5.36. Scanning electron microscopy (SEM)  
used conventional sample preparation for the granulated samples, the particles were 
scattered on a double stick carbon adhesive on an aluminum stub.  SEM examinations 
were conducted using a FEI Helios 600 dual beam focused ion beam (FIB) and a Hitachi 
S4700 field emission microscope. Transmission electron microscopy (TEM) was 
conducted with a FEI Tecnai F20 microscope employing a Schotky field emission 
filament operating at a 200 kV accelerating voltage.  TEM and scanning transmission 
electron microscopy, STEM, samples were initially prepared by placed a small quantity 
of ground material in a 5 mL glass vial, with isopropanol (3 mL) and ultrasonicated, ~20 
min, to disperse the small particles in the liquid. After removing from the ultrasonic bath 
and just before particle settling was complete, a single drop was placed on a 200 mesh 
copper grid bearing a lacey Formvar/carbon film.  Each wet grid was allowed to air-dry 
before microscopic examination. For whole rod examination particles were dusted onto 
Quanta foil TEM grids to lessen rod damage by sonication. Particle sizes were too small 
for an effective standard area diffraction pattern so a double tilt holder was employed to 
acquire patterns at various positions. At least 6 different areas/particles were examined on 
each sample to insure that the results were uniform over the whole sample.  Care was 
taken to minimize exposure to the electron beam to avoid specimen damage during 
examination.   Identification of graphite phases was accomplished using ImageJ software 
by measuring the distance between the lattice fringes. Image analysis was performed 
using ImageJ.  Elemental microanalysis was also conducted in the SEM and TEM with 
Oxford Inca, calibrated with copper Kα and Lα X-ray energy lines.  
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8.3 RESULTS  
8.3.1 Presence  of  PAHs.  When two  or more  flat  PAH  units  become oriented 
parallel it is known as molecular orientation.
179
 According to Bonijoly et al.
189
 molecular 
orientation occurs between 450 - 500 ⁰C when the heating rate is at 4 ⁰C/min, which 
occurs in the initial part of the HTT of the sample in the hot zone furnace. Molecular 
orientation appears suddenly as the PAH units are surrounded by the highest “H” 
concentration, extremum of aromatic CH groups. The degree of molecular order is a 
direct result of the prior chemical composition.  When there is a presence of high cross 
linking with elements such as O, S, and N the molecular order is in the rage of 100 Å and 
increases to approximately 100 µ for hydrogen rich materials.
189 
TEM dark field microscopy images of PAH aggregates are shown as small bright 
fragments seen in Figure 8.4a of ACAR
179
 with successive heat treatments.  It is proposed 
as the corannulene undergoes dehydrogenation, during HTT, it will attach to the surfaces 
(AC, CB and PBO-H-LD) and induce disclinations and overlap of graphene sheets during 
grain growth. 
8.3.2 Columnar  Carbon  Structures.   The  structure of the carbon rods show a 
helical growth mechanism (see Figure 8.5).  This growth is indicated by the helical 
markings on the surface of an ACBC CCS.  Statistical counts of CCS populations, from 
SEM images, of treated samples with and without corannulene were conducted. CCSs 
populations were used to determine if corannulene had the desired effects, shape, 
increased population and increased size, on the CCS produced after HTT. The 



















Figure 8.4. Activated carbon DF TEM images:  a) ACAR post 2300 ⁰C, small fragments 
are ~10 Å, b) AC8
 
post 2300 ⁰C, small fragments 10-30 Å, c) AC11 post 2300 ⁰, small 
fragments 50+ Å, and d) ACAR, small fragments on the order of 500 nm.  (Insets show 
diffraction area for DF imaging, hk2.) 
8.3.3 Characterization.   The presence  of CCS  were  observed  in all  samples,  
with the exception of CB, after HTT.  Differences in the concentration of CCSs were 
contingent upon the pre-treatment method (Table 8.2).  SEM observations of the non- and 
pre-treated samples showed that the CCS tended to grow from smaller aggregations of 







Figure 8.5. Helical markings on the surface of an ACBC CCS cluster. 




with CCSs  
%CCS/particle 
ACBC1 5.56 20.37 
AC8C1 13.62 27.39 
AC81 5.63 28.48 
ACNBC1 2.99 27.33 
AC11C 1.62 8.77 
AC11 3.95 29.35 
ACAR1 20.89 42.28 
ACAR2 20.71 31.31 
ACBC2 11.46 21.16 
ACNBC2 17.90 12.59 
AC8C2 9.24 70.33 
AC82 24.93 12.44 
PBO8C 37.82 15.98 
PBO8 19.87 15.52 





Figure 8.6. Distribution of ACAR particles after HTT. The majority of the CCSs are 
attached to the smaller aggregations of the AC particles. 
As with the previous G-aerogels, there are six identifiable shapes, with the most 
predominate shape being the “cigar” or spindle (see Figure 8.7).  This shape and the five 
other shapes are similar to the ones described in Section 5.5. There is some evidence that 
the frustum shaped CCS are merely damaged spindles with broken terminal ends (see 
Figure 8.8). Cones have a larger flat base with a cone apex at the terminal end.  Screws 
and scrolls are combined together because they exhibit obvious helical twist features. 
Immature rods are quasi rod-shaped with the sides showing twist features; shaped with 
the sides showing irregular features, and they are typically the smallest of the rod shapes. 
In all likelihood the final rod shape is a either a frustum or a spindle with other rod shapes 
depicting various stages of maturation, the most immature rods being cone-like or 
irregular column, while partial spindles and columns depict intermediate stages of CCS 
development.  Screws/scrolls can be classified as either immature or intermediate 




 Figure 8.7 Representative types of carbon rods observed after HTT: a) PBO8C 
immature, b) ACBC cone, c) AC81spindle, d) AC81column, e) PBO8C frustum, and f) 
PBO8C screw/scroll (notice the vertical view of a screw/scroll to the left).  
Upon viewing the CCSs, on all the samples, there are instances of combinations 
of two shapes.  When this is the case, a determination as to which shape the CCS most 
likely resembles was the classification applied. It seems reasonable to suggest that longer 
HTT times would result in larger well-formed populations of CCS because there are 
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abundant immature rods in all samples (see Table 8.3).  Measurements, of the CCS 
population density, were defined by number of particles with CCSs present divided by 
total number of particles present (see Figure 8.9). Percent of CCSs per particle was 
determined by measuring equivalent surface area from each CCS containing particle with 
CCSs, and measuring CCSs area only, (Figure 8.9b).  Population density was calculated 
by using ImageJ, basic area analysis, of the total area minus the CCS area (as outlined) 
minus CCS particles (see Appendix F). Low magnification, 650X, images were captured 









Figure 8.8 Possible origin of frustum shaped rods or partial spindles, tops of two spindles 
CCS are offset. 
CCSs, in which the central axis was aligned parallel with the image and in the 
plane of focus, were selected for size, maximum diameter and length, measurements. 
These values were analyzed to provide an average size (as this did not include all rods 
observed  these  values  are  only  characteristic)  of each shape population with respect to 
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Table 8.3 Percentages of shapes per sample. 
 
sample spindles cones column frustum immature screw/scroll 
ACBC1 13.72 15.55 16.77 23.48 21.95 8.54 
ACNBC1 9.09 31.82 4.55 4.55 40.91 9.09 
AC8C1 38.26 22.73 7.20 0.76 14.20 16.86 
AC81 36.78 17.82 5.75 13.22 20.69 5.75 
AC11C 29.73 5.41 21.62 27.03 13.51 2.70 
AC11 21.19 16.95 10.17 7.63 43.22 0.85 
ACAR1 31.65 5.20 12.28 6.93 26.46 17.48 
ACAR2 22.09 4.28 16.63 9.03 35.15 12.83 
ACBC2 16.12 16.48 8.79 43.22 1.10 14.29 
ACNBC2 24.32 16.22 5.41 0.00 37.84 16.22 
AC8C2 11.11 2.60 2.08 7.64 6.77 3.13 
AC82 31.00 6.27 11.07 21.03 20.66 9.96 
PBO8C 28.91 12.68 4.13 33.63 19.17 1.47 
PBO8 34.81 5.52 4.42 6.08 45.86 3.31 
PBO 86.97 0.00 0.98 1.30 5.86 4.89 
 
each sample.  Where possible the apex angles of CCSs were also measured. The type of 
pre-treatment affected CCS growth, and thus size, shape and yield of CCS depended on 
the pre-treatment regime. In the non-pre-treated AC sample, the population density was 
the largest with approximately 23% of the area of carbon particles containing CCS with 
44% occurring as spindle shaped with an average size of 7.85 µ in length (L) and 1.76 µ 
in width (W) (Table 8.1 and 8.2).  Conversely, the pre-treated non-bromocorannulene had 
the smallest population of CCS at an average of 6% of the area of carbon particles being 
CCS with the majority of them being immature or coned shaped. AC8C had 
approximately 13% of the area in CCSs compared to only 6% of the area in CCS for the 
AC8.  Contrasted to the AC pretreated with BC, which only had 6% of its area in CCSs, 


























of its particles with CCS which was the highest yield of CCSs, (see Figure 8.10).  




Figure 8.10. PBO8C particle with CCS clusters: a) high population of CCSs and b) well-
formed frustum CCS cluster on the surface of a PBO8C particle. 
8.3.4 Vacuum Pre-Treatment. To determine if the corannulene was incorporated 
ated onto the AC, PBO and CB particles the samples were washed with chloroform.  
After washing, NMR was conducted on the chloroform wash to determine if corannulene 
was present.  NMR spectra did not indicate any corannulene present in the chloroform 
wash (see Figure 8.11), thus it was concluded that the corannulene was attached to the 
AC, PBO and CB particles. The majority of the CCSs in sample AC8 and AC8C are 
spindles, cones and screw/scroll shaped.  PBO8C had the most immature CCS. 
8.3.5 Bromo-Corannulene.  The decanted dichloro methane from the BC and  
control AC samples were subjected to NMR for detection of the presence of corannulene.  




the concentration of BC appears to be much less in the decantant, as opposed to the 
concentration in the control BC, which can be interpreted as there was some attachment 
of the BC onto the AC sample. 
The most striking fact is the prevalence of frustum shaped rods in the BC samples 









Figure 8.11. NMR results of chloroform wash.  Act-C-Corr (AC8C), with control 
corannulene (Ctrl-C-Corr), and AC control (AC8) spectra. There is an absence of the 
corannulene peak at 7.8 ppm in both the AC8 and AC8C samples. 
This clearly indicates that there is some influence from the BC.  It is unclear at 
this time as to whether the BC was chemisorbed onto the surface of the AC, as the pale 
yellow color was not detected in the decantate, or if the BC was physisorbed onto the AC 
surface.  Obviously there was also a suppression of the growth of the CCSs in ACBC and 
ACNBC samples when compared to ACAR, AC8C and AC8 samples (Table 8.1).  The 
ACBC sample did show an increase in the rods over the ACNBC sample by two fold, 














Figure 8.12. NMR of the dichloromethane decant. There is a BC peak present a after 
three hour treatment of the samples. 
Reduction of CCS in the ACNBC is a direct result of soluble DCM
346 
compounds.  
This data combined with the twofold increase in the ACBC sample is direct evidence that 
PAHs are responsible, in a large part, to the nucleation of the CCSs.  EPA Method 8272 
targets PAHs listed in Table 8.4 as soluble in DCM. This data is more evidence for 
presence of PAHs in the AC and G-aerogels. 
8.3.6 HRTEM  Images  of  Structures.   TEM  images  of corannulene,  prior  to  
addition to activated carbon, showed crystalline structures integrated in an amorphous 
environment (see Figure 8.13).  ACAR TEM images also showed crystalline structures 
present, as can be seen in the diffuse rings of the SAED pattern, for an aggregate of 
activated carbon particles (Figure 6.6a).   TEM  DF images indicate the presence of small  
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Table 8.4. List of PAH targeted in EPA Method 8272.
346 
 















graphitic structures, ~10Å, are present (Figure 8.6a).  These structures are twice as large 
in the AC8 samples (10-20 Å). Sample AC11 has small, verifiable graphitic, particles on 
the order of 50+ Å, and still larger graphitic units are seen in the ACAR, post HTT (>500 
nm).  Some of these graphitic units are thought to contain corannulene and therefore the 
















Figure 8.13. TEM image of corannulene with FFTs.  Top FFT is from matrix with bottom 
FFT from the internal a crystalline structure, note prominent diffraction spots. 
HRTEM imaging of the particles, in all 2300 ⁰C treated samples, showed 
polyhedral graphitic particles with hollow middles, 3-10 nm (see Figure 8.14).  Lattice 
fringes present on the edge of one of the polyhedral particles show, at least, three defects 
in a small area, this could possibly be the nucleation of a rod cluster. Ends of the layers 
are connected to the preceding layer (Figure 5.65).  It has been reported that the loops 
form at temperatures between 900-1200 ⁰C299 and at 2500 ⁰C.347  The loops have to be 
created after the development of the CCS as Sadekar et al.
41,57
 reported that PAN 
precursor aerogels treated at 2200 ⁰C for 36 h do not display any CCS growth, thus. 
CCSs do not form until temperatures >2200 ⁰C.  Regardless of the formation temperature 
of CCS, appearance of loops results in a more energetically stable structure
299




Figure 8.14. Hollow polyhedral particles at the base of an ACAR CCS.  The graphitic 
fringes exhibit at least three defects. 
together edge dangling bonds caused by dehydrogenation during high temperature heat 
treatment. 
8.3.7 Micro  Raman.   Raman spectra of ACNBC shows a distinct change in the  
carbon spectra (see Figure 8.15). The D peak at approximately 1350 cm
-1
 is the most 
dominate peak with the G peak as a shoulder on the broad base of the D peak.  There is 
an unidentified peak to the right of the G peak where the D’ peak should be but the 
position in the spectra is too far to the right.  It could be from the DCM wash (Figure 
8.15b). These peaks in the spectra indicate a very disordered carbon material.  Compared 
to the Raman spectra of AC8, which was washed with chloroform, where the D and G 
peaks are well formed and have narrow bases (Figure 8.15a). 
Raman spectra of a CCS on an AC particle shows similar results to that seen in 





Figure 8.15. Raman spectra of treated AC: a) AC8 washed with chloroform, b) ACNBC 
washed with DCM. 
single graphite crystal, Figure 8.16. At the base the D and G peaks are the same height 
with broad bases.  Going along the CCS length, the two middle Raman spectra show a 
trend, where the D and G peaks are more narrow and defined. However the D peak still 
remains the dominate peak in the spectra.  At the tip the D’ peak is established as a 
shoulder on the right of the G peak.  AC and CB Raman spectra both showed increase 
crystallinity after HHT (see Appendix E for more Raman spectra). 
a 
b 
Raman shift, cm-1 




Figure 8.16. Raman spectra of a 6 μ CCS on an AC particle.  Cyan – bottom, purple – 2 μ 
from base, yellow – 4 μ from base, red – tip of the CCS. 
8.4 DISCUSSION 
Samples pre-treated with corannulene did produce more rods than the sample 
treated in a similar manner in the same heat treatment.  When compared to an AC sample 
HTT without any pre-treatment the population of rods was diminished. It is possible that 
the pre-treatment solvents chemisorbed on the surface of the AC preventing the 
movement of the PAHs by inducing more crosslinking when subjected to HTT.  This 
resulted in depressing overall rod growth. This can be deduced by the overall reduced 
population in rod growth on pretreated AC. With the addition of a corannulene there is a 
slight increase in rod growth.  The increase in concentration can be loosely equated to the 
concentration of corannulene added to the AC, especially in the dry grinding samples, 
where all the corannulene was incorporated onto the AC (Section 8.3.4).  This is also 
apparent to a lesser extent in the wet chemistry addition of corannulene by way of bromo-
corannulene.  
Raman shift, cm-1 
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A second set of AC samples were treated similarly with the exception, no 
chloroform wash was performed on the corannulene treated samples and dichloromethane 
was allowed to evaporate rather than be decanted.  This second set of samples is 
designated as AC8C2, AC8, ACBC2, and ACNBC2, Table 8.1.  Overall AC8C2 and 
ACBC2 did show an increase in CCS population.  AC8C2 percentage of particles with 
CCS was lower by 32.2% but the percentage of CCS per particle increased by 156.8%.  
Correspondingly, the percentage of AC particles containing CCSs increased, (by 106%) 
on the non-decanted BC sample.  Unfortunately, the percentage of CCSs per particle only 
increased by 3.87%. 
ACAR, ACBC, PBO8 and CBAR samples were analyzed by gas chromatography 
(Model 5869 Series II Plus, Agilent)–mass spectrometry (Model 5973, Agilent) to 
determine if PAHs were present.  Preliminary results from mass spectroscopy does show 
small cyclic structures present in the ACAR, ACBC and PBO samples with no cyclic 
structures existing in the CB sample.  Mass spectrometry results showed methyl decalin 
[19] and benz(a)anthracene[20] present in the ACAR, ACBC and PBO samples. In the 
ACBC a brominated fraction was identified. Benz(a)anthracene is also listed in the PAH 







9. FINAL CONCLUSION 
Different precursors afford differing degrees of graphitization, as graphitization 
increases a marked decrease is seen in the pore volume of all the G-aerogels with respect 
to the precursor C-aerogel. Graphite aerogels produced from RF, PAN-EGDMA, PAN-
HDDA, PBO, and PIISO precursor aerogels have similar characteristics. Raman data 
shows that the degree of cross-linking is greatest in RF G-aerogels whereas XRD shows 
RF G-aerogel to also have the greatest degree of disordered graphite.  For applications 
where more disordered graphite is desired, such as Li intercalation, RF G-aerogels is a 
better candidate.  Where the final application needs a higher degree of graphitization, 
such as electrodes, PIISO, PAN-HDDA and PAN-EGDMA G-aerogels are the better 
candidate. Due to its friability PBO G-aerogels would be best suited to granular 
applications.  
CCSs were found to grow singularly and in clusters in open areas of graphite 
aerogels and particulate AC.  Examinations of the CCSs show they are conical structures 
grown in a helical fashion.  An idealized model was proposed, whereby rapid grain 
growth resulting in “Macels Generals” or overlapping of grains inducing defects, 
(positive, pentagon inclusion or negative, heptagon inclusion).  When these overlaps are 
pinned by pentagons they result in helically wrapped columnar carbon structures. 
Evidence for the idealized model, PDI, proposed for the nucleation of CCS in G-aerogels 
and AC is evidenced by: 
 Structures similar to soot PAHs are present in C-aerogels, 
 Presence of kinks, twists, and edge defects, 
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 CCS growth on obvious layered substrates as in Grafoil™. 
To gain information on the interior of a CCS, a FIB cross-section was conducted. 
Coating the carbon material prior to FIB cross-sectioning coupled with low voltage and 
current allowed a cross-section to be produced free of Ga
+
 implantation and disruption of 
the graphitic layers.  Although the time to do the cross-section of the DCPD graphite 
aerogel far exceeded normal TEM-FIB sample preparation time (6-8 hr.), by a factor of 4, 
it proved beneficial.  Re-deposition was still an issue but the low voltage/low current 
cleaning removed most traces of the re-deposited material before TEM imaging. 
Previously un-seen structural aspects of the CCS and carbon substrate were visible and 
further examined.  The interior showed the apexes of faceting and as well as super-
periodicity. 
Activated carbon and PBO carbon aerogels that were vacuum heat treated with 
corannulene show more CCSs when compared to non-treated AC and PBO-H-LD 
samples. Chloroform washed samples, after vacuum treatment, had less observed CCSs 
than the same samples not washed after vacuum treatment. When compared to the initial 
AC and PBO-H-LD C-aerogel, the corannulene treated samples showed a decreased by 
half, of population and quality of CCSs with more immature rods present in all samples. 
Samples treated with bromo-corannulene showed marked decrease in the 
population of CCSs when compared to the vacuum heat treated and initial AC and PBO-
H-LD C-aerogel samples.  The population decreased by three fourths that of heat treated 
AC and PBO-H-LD C-aerogel samples.  Interestingly the quality of the rods was 
markedly better, more mature CCSs (spindles and frustum), by an increase from 2.8% in 























Figure A-1 PU samples, left C-aerogel, right G-aerogel. 
 
Figure A-2 PIISO samples, left C-aerogel, right G-aerogel. 
 
Figure A-3 Modified quartz tube, two necks were created by heating the quartz 
tube to incorporate a buffer chamber so that the sample would not be pulled out from the 

























Figure A-4 PU flow chart, from organic aerogel to PU graphite aerogel. 
5 µL DBTDL 
23 
o
C, 20 min, N2 
HPAN-EGDMA:TIPM 1:1 
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Figure B-1 N2 sorption isotherm, top PAN-EGDMA 800 (Left) and 2300 (Right). Solid 








Figure B-2 N2 sorption isotherm, top RF 800 (Left) and 2300 (Right) N2 sorption isotherm. 








Figure B-3 N2 sorption isotherm, top PIISO 2300 (Left) and PU 2300 (Right). Solid dots 
are adsorption, open dots are desorption. 








Figure B-4 N2 sorption isotherm, top PBOAH 800 (Left) and PBOAH 2300 (Right) Solid dots are 







Figure B-5  N2 sorption isotherms, top PBOHL 800 (Left) and PBOHL 2300 (Right) N2 sorption isotherm. 




























Figure C-1 SAXS curves for C- and G-aerogels.  G-aerogels show the 
characteristic “hump” in the curve at high q values signifying larger crystallites red 




Figure C-2 PDDF plots a)  PBO C-aerogel, b) PBO G-aerogel, c) AC800, d) 


































































































Figure D-8 Top AC as received, bottom AC comparison, green- as received, 



























Figure E-1 ACAR carbon low mag to high mag series. 
 
 





Figure E-3 AC8C low mag to high mag series. 
 
 











































Figure E-8 Representative image analysis of CCSs, a) outline drawing of AC8C 
CCS, b) corresponding SEM image. 
 
Figure E-9 CCS percentage on bromo-corannulene treated samples, decanted and 
evaporated. 
The percent of spindles, cones and screw/scrolls was virtually the same in the 
decanted and evaporated samples.  The percentage of frustums increased by twofold with 






Figure E-10 CCS percentages on the control samples treated with 
dichloromethane, decanted and evaporated. 
 
 
The percent of immature and column CCSs is the same in both samples with a 
50% decrease in cones and a 100% decrease in frustums  A 150 increase in spindles with 
a slight increase in screw/scrolls.  
 





Figure E-12 AC8 percentages with and without chloroform wash. 
 
Figure E-13 PBO8 with and without corannulene added these samples have been 




Figure E-14 Percentages of CCS shape type per sample. CB is absent because no 
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